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The Brayton Rotating Unit (BRU), operating on a gas bearing 
system, has been designed, fabricated, and demonstrated for use 
in a closed Brayton cycle space power-conversion system. 
is intended to produce from 2.25 to 10.5 kwe of 1200-Hz three-phase 
electrical power. 
nents, the voltage regulator (VR) and the speed control. These elec- 
trical components serve to maintain voltage level and output frequency 
to +1 percent of their rated values. 
The BRU 
Control of BRU output is achieved by two compo- 
The BRU uses a binary mixture of xenon and helium (molecular 
weight, 83.8) as the cycle working fluid and bearing lubricating 
medium. 
The single-shaft rotating assembly operates at a design speed of 
36,000 rpm and is comprised of a radial single-stage compressor, a 
four-pole Rice alternator rotor, and a radial inflow turbine. The 
BRU compressor impeller is an exact 0.514 scale-down of an existing 
AiResearch turboprop compressor and features backward-curved exit 
blading. The turbine design was optimized for the BRU application 
operating at an inlet temperature of 2060OR. 
The rotating assembly is supported in the radial plane by two 
resiliently mounted, pivoted-pad gas journal bearings. Support in the 
axial plane is provided by a step-sector-type gas thrust bearing, a 
double-acting configuration with parallel thrust stators mounted to a 
gimbal assembly. The gimbal provides for alignment of the stationary 
thrust faces with the rotor surface. The BRU is designed for 
either 0-g or terrestrial operation. 
The weight of the BRU complete with insulation and interface 
ducting is 175 lb, 
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The b e a r i n g  d e s i g n  w a s  v e r i f i e d  through u s e  of  a Dynamic 
S i m u l a t o r .  The e f f e c t s  of the rma l  i n p u t s ,  r o t o r  dynamic r e s p o n s e ,  
a l t e r n a t o r  e l e c t r o m a g n e t i c  l o a d i n g ,  and aerodynamic t h r u s t  on t h e  
b e a r i n g  sys tem cou ld  b e  a c c u r a t e l y  d u p l i c a t e d .  Using t h e  Dynamic 
S i m u l a t o r ,  s a t i s f a c t o r y  hydrodynamic and h y d r o s t a t i c  gas  b e a r i n g  
o p e r a t i o n  w a s  demons t r a t ed .  
E f f e c t i v e  hea t  management w a s  one of t h e  key c o n c e p t s  c o n s i d e r e d  
th roughou t  t h e  BRU c o n c e p t u a l  d e s i g n .  D i g i t a l  computer programs f o r  
d e t e r m i n i n g  t r a n s i e n t  and s t e a d y - s t a t e  t e m p e r a t u r e  d i s t r i b u t i o n s ,  
h e a t  f l u x  d i s t r i b u t i o n s ,  and r e l a t i v e  t h e r m a l  expans ions  were used  
as d e s i g n  t o o l s  d u r i n g  t h e  d e s i g n  phase .  
I These a n a l y s e s  p rov ided  t h e  NASA w i t h  a h i g h  level  of  c o n f i d e n c e  
t h a t  t h e  BRU may be  o p e r a t e d  o v e r  t h e  d e s i g n  power spec t rum (2.25- t o  
10.5-kw ) w i t h  no c o n f i g u r a t i o n  changes and may employ e i t h e r  hel ium/ 
xenon (molecu la r  w e i g h t  83.81, kryp ton  o r  a rgon  as t h e  working f l u i d .  
Subsequent  t e s t i n g  a t  NASA LeRC confirmed t h e  v a l i d i t y  of t h e s e  




' 2. INTRODUCTION 
The National Aeronautics and Space Administration is currently 
engaged in a program to develop energy conversion systems for pos- 
sible space application. The requirements of such systems are high 
reliability, efficiency, and the ability to operate for long periods 
as self-contained units in the space environment. As part of this 
program, the performance of various turbomachinery components is 
be i.ng investigated. 
In conjunction with these efforts, the AiResearch Manufacturing 
Company of Arizona, A Division of the Garrett Corporation, designed 
and fabricated four Brayton Rotating Units (F-gure 1) and the associ- 
ated controls. The results of this program, performed under NASA 
Lewis Research Center Contract NAS 3-9427, were intended for incorpo- 
ration in the prototype closed Brayton cycle energy-conversion system. 
This conversion unit is to have applicability for both solar and radi- 
oisotope space power systems. It is also considered of special inte- 
rest for cases where multiple energy conversion units are desired to 
reduce the consequences of a single unit failure. 
The original BRU design specifications, delineated by NASA, are 
stlmmarized in Table 1. In addition, the BRU was to be operable in 
horizontal and vertical attitudes, meeting the space environment 
specifications, and attaining a design life of 5 years. Off-design 
performance was to range from 2.25- to 10.5-kw net electrical output 
based on a reference output design of 6.0 kwe. 
The AiResearch gas bearing design was verified by a computer 
analysis conducted by the Franklin Institute Research Laboratory 
under subcontractual agreement. The results of their study confirmed 
3 









BRU OENEHAL DESfQN SPECXFICATIONS 
Type of ro t a t ing  u n i t  
cycle working gas 
Net useful  power output range 
T u r b i n e r  
Total- to- total  pressure r a t i o  
I n l e t  t o t a l  temperature, 'R 
Compressor: 
Type 
Total- to- total  pressure r a t i o  
I n l e t  t o t a l  temperature, O R  
* Single ohaft  
- Xenon-helium mixtufe having molec- 
u l a r  weight of krypton (83.8) 
- 2.25 t o  10.9 kwOl i nc lus ive ,  a t  a 




*, 1.90 - 539 
Alternator:  
Type - Radial gap, four-pole 
Rotative speed, rpm - 36,000 
Frequency, Hz - 1200 
Power fac tor  . 0.75 ( a l t e rna to r )  
The a l t e rna to r  pawer factor w i l l  be a comporite of the 0.89 laad power factor  and the 
power fac tor  of V13E and opeed cont ro l  ( including a parasitic! r e s i s t o r )  b 
Cooling f l u i d  = DoWCorning 2OO(vircooity 2.0 C.S. 
a t  77OF) 
Supply temperature, O R  
Supply pressure,  paria 
Speed capab i l i t y ,  % de8ign 
Environmental condi t ions 
Radiation environment: 
Neutron f lux  
Integrated Gamma dose 
Design operat ing l i f e ,  years  
- 5 3 0  
- 300 
- 0 t o  120 
- NASA Spec, No. 1224-1 and 1224-2 
a - < neute cm - < 10 4 rad# i n  5 years  
- 5  
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t h e  s t a b i l i t y  of t h e  AiResearch design and predic ted  poss ib l e  modes 
of gimbal i n s t a b i l i t y  t h a t  were l a t e r  experimental ly  v e r i f i e d  and 
cor rec ted .  
AiResearch provided NASA a research  package f o r  each of t h e  
major BRU components. The tu rb ine  and compressor packages are d i s -  
cussed i n  depth i n  NASA Reports CR-72478 and CR-72533, r e spec t ive ly .  
The BRU a l t e r n a t o r  research  package, t h e  vol tage  r e g u l a t o r  ( V R ) ,  and 
t h e  speed c o n t r o l  are d iscussed  i n  NASA Report CR-72564. 
AiResearch designed and f a b r i c a t e d  a gas bear ing/ ro tor  dynamic 
s i m u l a t o r  t o  provide a means f o r  s imula t ing  t h e  mechanical,  electro- 
magnetic, and thermal  condi t ions  over  which t h e  BRU i s  expected t o  
ope ra t e .  The s imula tor  was used by t h e  contractor  t o  demonstrate t h e  
i dynamic s t a b i l i t y  of t h e  s e l e c t e d  BRU bear ing- ro tor  suspension system. 
The weight of t h e  Brayton Rota t ing  Unit complete wi th  i n s u l a t i o n  
and i n t e r f a c e  duc t ing  i s  175 lb. 
, 
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3 ,  DESCRIPTION OF BRU DESIGN 
3.1 General Description of BRU, VR, SC 
The major components of the BRU are the turbine, compressor, Rice 
alternator and the gas bearing system. Figure 2 displays the unit in 
disassembled form and in cutaway. Basic to the BRU is the rotating 
group (Figure 3 )  which consists of a Rice alternator rotor straddle- 
mounted between gas journal bearings with the radial-flow turbine 
wheel overhung at one end of the shaft and the radial-flow compressor 
wheel and rotating component of the gas thrust bearing overhung at 
the cther end, The gas journal bearings (Figure 4 )  are of the three- 
segment, pivoted-pad type incorporating both hydrodynamic and hydro- 
static capabilities, Each of the three pads in each journal bearing 
is mounted on a lapped ball-socket pivot through which the hydrostatic 
gas supply is fed. A single hydrostatic orifice-pad arrangement, 
located on the pivot axis of each pad, provides journal bearing lift- 
off capa3ilities and external pressurization prior to establishment of 
running clearance. One of the three pads at each journal bearing is 
flexibly mounted on a beam-type spring having a spring rate of approxi- 
mately 2000 lb/in. The remaining two mounts at each journal bearing 
are rigidly fixed, A 10-lb preload is applied to the journal by each 
flexibly mounted pad. 
The gas thrust hearing configuration (Figure 4 )  utilized is the 
stepped-sector design, The thrust bearing assembly is a double-acting 
prelo,,?ed configuration with the two thrust stators mounted face-to- 
face and separated by a gauged spacer. The spacer establishes the 
desired preload. Both sides of the thrust bearing have hydrodynamic 
as well as hydrostatic capabilities. The entire thrust bearing is 
gimbaled to proviC?e alignment of the stationary thrust bearing assembly 
surfaces with the rotor surfaces, The gimbal design incorporates 
elastic pivots. P e  two pairs of pivots on orthogonal axes are coplanar 
7 




BRU ROTATING GROUP 
F I G U R E  3 
9 
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and a re  located midway between the  two t h r u s t  bearing surfaces.  Rub- 
bing members attached t o  the  grounded gimbal r i n g  provide the  f r i c -  
t i o n a l  damping moment necessary t o  l i m i t  o s c i l l a t i o n s  about each 
pivotal  asis. A p a i r  of proximity probes a r e  ava i lab le  f o r  monitoring 
gimbal motions with respect  t o  the  reference frame of the  u n i t .  
The a l t e r n a t o r  s t a t o r  housing assembly and end-bells (Figure 5 )  
is  the main s t r u c t u r a l  member t o  which a l l  t i e s  a r e  made. The com- 
pressor and turbine journal bearing c a r r i e r s  a r e  fabr icated in t eg ra l ly  
with the  a l t e r n a t o r  end-bells. The housing assembly contains the  
instrumentation receptacle  housing, the a l t e rna to r  power receptacles,  
and a l l  coolant and hydros ta t ic  gas supply f i t t i n g s .  I n  addi t ion,  it 
contains the  BRU mounting brackets and the  flanges t o  which the  com- 
pressor and turbine s c r o l l s  a r e  attached. 
I n  the  design of t he  shaf t ,  thermal shunts fabr icated from copper 
a r e  located beneath the compressor and turbine journals and extend 
in to  t h a t  portion of the  sha f t  ro t a t ing  beneath the a l t e r n a t o r  second- 
a ry  f l u x  paths,  These shunts serve t o  reduce the  a x i a l  temperature 
gradient  across the  journal,  thereby minimizing t h e  coning and crown- 
ing of the journal surface.  I n  addi t ion,  the  shunts provide a high 
conductance path f o r  f r i c t i o n  hea t  generated at the  journal bearings 
t o  f ind i t s  way t o  the  cooler secondary f lux  gap, where it i s  con- 
vected across the  gap in to  the a l t e r n a t o r  end-bell. 
A copper thermal shunt i s a l s o  provided between the  t h r u s t  bear- 
ing ro to r  and the  compressor wheel. 
a ted a t  the  t h r u s t  bearing is conducted down the  t h r u s t  ro tor ,  through 
the shunt, and in to  the  compressor wheel where it i s  convected in to  
the  compressor through- flow. 
Fr ic t ion  and windage hea t  gener- 
The l iquid-coolant heat-exchanger, u t i l i z e d  f o r  cooling the BRU, 
consis ts  of a double h e l i x  machined in to  the  outer frame assembly of 
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M A I N  F M E  ASSEMBLY AND ALTERNATOR HOUSING 
F I G U R E  5 
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the  a l t e r n a t o r  s t a t o r .  Thermal i s o l a t i o n  i s  u t i l i z e d  between the  
journal bearing c a r r i e r s  and t h e i r  attachment points  t o  the  a l t e r n a t o r  
s t a t o r  end-bells, This permits cont ro l  of the  temperature l eve l s  of 
the c a r r i e r s  w i t h  l i t t l e  or no influence f e l t  from the  r e l a t i v e l y  cool 
s t a t o r  end-plates. The journal bearing c a r r i e r s  a r e  heated by -.onvec- 
t i o n  from areas  of t he  r o t a t i n g  group c lose  t o  t h e i r  respec t ive  car- 
r i e r s .  This permits the  temperature of each bearing c a r r i e r  t o  follow 
the temperature of i t s  journal: thus, gross bearing pad load changes 
due t o  r e l a t i v e  expansion between the  journal and the  c a r r i e r  a r e  
reduced t o  a l e v e l  t h a t  can be e a s i l y  accommodated by each bea r ing ' s  
f l e x i b l e  mount. 
Labyrinth s e a l s  located a t  e i t h e r  end of t he  r o t a t i n g  group and 
mounted on t h e  wheel back-shrouds a r e  provided f o r  minimizing leakage 
of t he  bearing cavi ty  pressur iza t ion  gas in to  the  system flow. S t a t i c  
r a d i a l  clearances of 0.004 i n ,  a t  the  compressor end and 0,005' i n .  a t  
t he  turb ine  end l i m i t  t he  leakage t o  2 percent of t he  system flow a t  
a l l  power l eve l s ,  Leakage makeup i s  provided by bleeding f i l t e r e d  
system gas from t h e  compressor s c r o l l  discharge duct i n to  the  bearing 
cavity.  
Rice a l t e r n a t o r  e l e c t r i c a l  output i s  a three-phase a l t e r n a t i n g  
current  of 1200 Hz frequency. Voltage is maintained a t  120/2C8 v o l t s  
by  the  Voltage Regulator (VR), The VR regulates  output by cont ro l l ing  
s h u n t  f i e l d  exc i t a t ion  current  through a switching regulator .  By 
increasing o r  decreasing exc i t a t ion  current  a s  load changes, constant 
voltage is maintained. 
The Speed Control ( S C )  maintains output frequency a t  1200 Hz by 
monitoring the  a l t e r n a t o r  output s igna l  and loading t h e  a l t e r n a t o r  
through d issapa t ive  load r e s i s t o r s  a s  required t o  hold constant speed, 
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3.2 Aerothermodynamic Design 
3.2.1 BRU Cycle  D e f i n i t i o n  
During t h e  p r e l i m i n a r y  d e s i g n  phase of t h e  BRU program, c y c l e  
a n a l y s i s  w a s  performed t o  o b t a i n  p r e l i m i n a r y  performance estimates and 
t o  p r e d i c t  sys tem mass f lows  a t  t h e  r e p r e s e n t a t i v e  power leve ls - -2 .25- ,  
6 .0-  and 1 0 . 5  kwe n e t  e lec t r ica l  o u t p u t .  Table  2 is a f i n a l  summary of 
p r e d i c t e d  BRU performance based  on e s t i m a t e d  c y c l e  s t a t e  p o i n t s  a t  t h e  
three r e p r e s e n t a t i v e  power l e v e l s .  
Due t o  l e a d  t i m e  c o n s i d e r a t i o n s ,  aerodynamic components w e r e  
designed on t h e  b a s i s  of p r e d i c t i o n s  made d u r i n g  t h e  90-day p r e l i m -  
i n a r y  c y c l e  a n a l y s i s .  More p r e c i s e  estimates o f  b e a r i n g ,  g e n e r a t o r  
windage,  and the rma l  l o s s e s  coupled w i t h  a need f o r  i n c r e a s e d  b l e e d  
f low r e q u i r e d  t h a t  t h e  system p r e s s u r e  level (and  s u b s e q u e n t l y  sys tem 
mass f low)  be  i n c r e a s e d  t o  1 4 . 2  p s i a  as compared t o  t h e  p r e l i m i n a r y  
estimate of  13.5 p s i a .  T h i s  w a s  done i n  o r d e r  t o  accommodate add i -  
t i o n a l  l o s s e s  w h i l e  m a i n t a i n i n g  s p e c i f i e d  sys tem p r e s s u r e  r a t i o s  and 
t e m p e r a t u r e s .  
Minor d e s i g n  p o i n t  changes of t h i s  n a t u r e  have n e g l i g i b l e  e f f e c t  
on aerodynamic component performance.  The s imul t aneous  i n c r e a s e  i n  
mass f low and compressor  i n l e t  p r e s s u r e  l e a v e s  t h e  c o r r e c t e d  mass flow 
seen  by t h e  aerodynamic components e s s e n t i a l l y  unchanged. The i n c r e a s e  
i n  Reynolds number through each component r e s u l t s  i n  improved component 
e f f i c i e n c y  i n  e a c h  case. 
The f i n a l  c y c l e  schemat i c  f o r  t h e  6.0 kwe o p e r a t i n g  c o n d i t i o n  
is shown i n  F i g u r e  6 .  Component e f f i c i e n c i e s  shown are based  on 
c o n s e r v a t i v e  estimates of  hardware performance.  I n  each case t h e  
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TABLE 2 
BRU PREDICTED PERFORMANCE 
NET GENERATOR OUTPUT, KW 
Gross generator output, kw ( 1 2 0 0  Hz 
Working fluid, Xe-He, mw 
ahaft speed, rpm 
Recuperator effectiveness 
Compressor corrected mass flow rate, lb/sec 
Compressor bleed flow, % 
Compressor inlet temperature, OR 
Compressor inlet pressure, psia 
Compressor diameter, in. 
Compressor pressure ratio 
Compressor efficiency 
Compressor specific speed 
Turbine inlet temperature, O R  
Turbine inlet pressure, psia 
Turbine diamter, in. 
Turbine pressure ratio 
Turbine efficiency 
Turbine specific speed 
Rice Ganerator 
Generator diameter, in. 
Generator efficiency 
Generator windage loss, kw 
BRU Thermal losses, kw 
Bearing friction loss, kw 
Electrical Losses 
Field excitation, kw 
Speed control, kw 
VRE, kw 
Radiator loop pump, kw 
3, 1- (AP/P) TOTAL SYSTEM 
- NET OUTPUT Cycle efficiency, ncy - Q in 
N Q ~ / ~  
G P  Specific speed = 
2.25 
2.623 
83 .8  
3 6  , 000 
0 . 9 5  
0 . 9 2  
0 . 8 2 5  
2 
5 4 0  
7.6 
4.25 
1 .88  
0.79 
0 . 1 1  
2 0 6 0  
1 3 . 7  
4.97 
1.73 
0 .85  
0.093 
3 .3  
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5 4 0  
14 .2  
4.25 
1.9 
0 .80  
0 .11  
2 0 6 0  
25.8 
4.97 
1 . 7 5  
0 .87  
0 .092 
3.3 
0 . 9 2  
0 .468 
0.236 






1 0 . 5  
1 0 . 9 1 4  
83.8 
36 ,000 




5 4 0  
23.7 
4.25 
1 . 9  
0 .80  
0.11 
2 0 6 0  
43.2 
4.97 
1 . 7 5  
0 .87  
0 .092 
3.3 
0 . 9 2  
0 .650 
0.236 





0 .32  
N = rev/sec 
q = ft/sec2 
Q = ft3/sec 
H = ft 
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estimates have been met or exceeded. Figure 7 balances heat input 
with power output and losses for each representative gross power 
output condition - 2.25, 6.0 and 10.5 kwe. 
3.2.2 Compressor Desiqn 
The compressor design conditions were determined during the 
90-day preliminary design phase of the BRU program. They are as 
follows: 
Cycle working fluid, mixture XeHe 
Equivalent molecular weight 83.8 
Compressor inlet pressure (total), psia 13.5" 
540 0 Compressor inlet temperature (total), R 
Compressor pressure ratio 1.9 
Compressor corrected mass flow rate, lb/sec 0 . 8 4 0  
Compressor rotating speed, rpm 36,000 
Compressor specific speed 0.11 
Compressor estimated efficiency 0.80 
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' After a review of these conditions, it was determined that an exact 
0.514 scaling of an existing AiResearch compressor stage would yield 
excellent efficiency. To assist in reaching this conclusion, the 
measured performance of the existing compressor was utilized to pre- 
dict the performance in the XeHe mixture, and appropriate corrections 
were made to account for expected efficiency changes. Further study 
indicated that from the existing technology, it was not likely that a 
new compressor designed specifically for the BRU would exceed the 
expected efficiency of a scaled-stage. Estimates of efficiency 
deterioration due to a lower Reynolds number, smaller parts, and 
higher relative axial clearance led to a predicted design efficiency 
of approximately80 percent. The meridional dimensions of the scaled- 
wheel are shown in Figure 8 ,  rotor and scroll dimensions in Fig- 
ure 9. The compressor wheel from which the BRU has been scaled is 
typical of the latest generation of small centrifugal compressors 
which employ backward curved blading (the blade is not radial at the 
exit). This type of design has exhibited consistently high efficien- 
cies over a wide range of pressure ratios. 
Aerodynamic design data is summarized below for the 6.0-kwe 
reference design: 
(a) Actual specific work = 16.58 hp/lb/sec 
(b) Corrected weight flow = 0.841 lb/sec 
(c) Pressure ratios: 
Total-to-total = 1.900 
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NASA BRU COMPRESSOR 
ROTOR AND STATOR PHYSICAL DIMENSIONS 
FIGURE 9 
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Temperatures and pressures (static and total) and efficiencies are 
shown in Table 3.  Velocity vector diagrams for the impeller and for the 
diffuser and scroll can be seen in Figures 10 and 11, respectively, 
Compressor impeller stress analysis is simplified by the fact 
that the BRU impeller, as discussed earlier, is an exact 0.514 scale- 
down of an existing impeller used extensively in a turboprop engine. 
The full-sized impeller operates at a design speed of 41,700 rpm. 
Material density and scale factors applied to experimentally deter- 
mined blade stresses in the full-size wheel show that the blade stress 
levels in the BRU impeller are approximately 35 percent of those exist- 
ing in the full-size wheel. The blade stress factor was determined as 
follows: 
2 2 Centrifugal stress (density) (radius) (speed) 
where 
BRU wheel speed = 36,000 rpm 
Full-size wheel speed = 41,700 rpm 
BRU wheel material = 403 CRES ( p  = 0.28 lb/in. ) 




Centrifugal blade stress - 0.28 (o.514) 2 41:700 36 0 
for BRU impeller - 0.16 
- Centrifugal blade stress 
- for full-size impeller 
Applying this factor to the experimentally determined blade stress 
values for the full-size impeller results in maximum values for the 
BRU impeller of 25,000 psi, 
A stress analysis was performed on the BRU impeller to determine 
the centrifugal stresses in the wheel disk at its operating speed of 
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TABLE 3 
PRESSURE, TEMPERATURE, AND EFFICIENCY 
(AT STATIONS THROUGH THE COMPRESSOR) 
'Total, 'Static, TTotal, Efficiency 
psia psia OF to Location 
Inlet (outside blade) 13 50 12.94 540.0 00 
Impeller exit (mean) 27.40 20.89 737.6 89.5 
Diffuser inlet (core) 27 . 25 21.60 737.6 88.7 
Diffuser exit (core) 27.25 25.40 737.6 -- 
Scroll inlet (mean) 25.81 25.39 737.6 81.0 
25.65 25.57 737.6 80.0 Scroll exit (mean) 
23 












U = 409 
SHROUD 
w = 282 
a V 
U = 235 
HUB 
IMPELLER EXIT VELOCITY TRIANGLES (I" VELOCITY I N S I D E  OF BLADE 
I N C L U D I N G  BLADE BLOCKAGE) 
c = 475 
U = 667 
COMPRESSOR IMPELLeR DIAGRAMS 
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( 8 )  D I F F U S E R  I W T  (MEAN UPSTREAM OF VANE) 
(b)  DIFFUSER E X I T  (CORE VELOCITY INSIDE OF BLADE) 
240 
( C )  SCROLL INLET (MEAN VELOCITY) 
( d )  SCROLL E X I T  MEAN VELOCITY = 61 FT PER SEC. 
YIELDING MExIT = 0.071 
COMPRESSOR D I F F U S E R  AND SCROLL VELOCITY DIAGRAMS 
FIGURE 11 
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36,000 rpm. F i g u r e s  12 and 1 3  p r e s e n t ,  g r a p h i c a l l y ,  the r a d i a l  and 
t a n g e n t i a l  stresses e x p e c t e d  i n  the  d i s k .  
Y i e l d i n g  of the d i s k  i s  p r e d i c t e d  for a minimum speed  o f  65,000 
rpm, and the  minimum b u r s t  speed  i s  p r e d i c t e d  for  95,000 rpm. S i n c e  
c r e e p  of the 403 CRES w h e e l  material  i s  n e g i i g i b l e  a t  the t e m p e r a t u r e s  
and stress l e v e l s  encoun te red  i n  t h i s  a p p l i c a t i o n ,  the BRU compressor  
wheel may be c o n s i d e r e d  e s s e n t i a l l y  a n  i n f i n i t e - l i f e  w h e e l .  
Fo r  greater  d e t a i l  on the compressor  d e s i g n  the reader i s  
r e f e r r e d  t o  the compressor  research package f i n a l  r e p o r t ,  NASA 
CR-72533 (Reference  1) . 
3.2.3 T u r b i n e  D e s i q n  
I The t u r b i n e  d e s i g n  c o n d i t i o n s  were de te rmined  d u r i n g  the 90-day 
I 
p r e l i m i n a r y  d e s i g n  phase  of the BRU program, They are as  f o l l o w s :  
Turb ine  ro t a t ing  speed ,  rpm 36,000 
T u r b i n e  i n l e t  p r e s s u r e  ( to ta l )  , psia 25 -0 
T u r b i n e  i n l e t  t e m p e r a t u r e  ( t o t a l )  8 OR 2060 
T u r b i n e  p r e s s u r e  r a t i o  1.75 
Turbine s p e c i f i c  speed 0,092 
T u r b i n e  e s t i m a t e d  eff ic iency,  % a7.5 
Turb ine  i n l e t  mass f l o w  rate,  lb/sec o , 748 
A s t u d y  t o  u t i l i z e  a s c a l e d  v e r s i o n  of the 6,02-in, d i a  t u r b i n e  
d e l i v e r e d  t o  NASA under  C o n t r a c t  NAS 3-2778 i n d i c a t e d  tha t  s u c h  a 
d e s i g n  would e n t a i l  too great a compromise i n  e f f i c i e n c y .  Therefore, 
a new d e s i g n  op t imized  f o r  the BRU a p p l i c a t i o n ,  w a s  deve loped ,  The 
r e s u l t a n t  t u r b i n e  i s  shown i n  F i g u r e  14. A summary of the f i n a l  aero- 











1. OPERATING SPEED = 36,000 RPM 
2. MATERIAL 403 CRES 
3- ALL STRESSES IN I<SI 
NASA S R U  COMPRESSOR IMPELLER 
RADIAL S T R E S S  D I S T R I B Y T I O N  
F I G U R E  12 
27 
2 . 5 1  











1. OPERATING SPEED = 36,000 RPM 
2. MATERIAL = 403 CRES 
3. ALL STRESSES I N  KSI 
4. AVERAGE TANGENTIAL STRESS = 12,750 PSI 
NASA BRU COMPRESSOR IMPELLER 
TANGENTIAL STRESS DISTRIBUTION 
FIGURE 13 
BRU TURBINE WHEEL 
FIGURE 14 
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(a! Tota l -+c- to ta l  e f f i c i e n c y  (uncorrec ted  
f o r  Reynolds number e f f e c t )  a t  r o t o r  e x i t  
(based on t u r b i n e  i n l e t  t o t a l - t o - r o t o r  
e x i t  t o t a l  p re s su re  r a t i o )  
( b )  Turbine i n l e t  t o t a l - t o - r o t o r  e x i t  t o t a l  
p re s su re  r a t i o  
( c )  T o t a l - t o - s t a t i c  e f f i c i e n c y  (uncorrec ted  
f o r  Reynolds number e f f e c t )  a t  r o t o r  e x i t  
(based on t u r b i n e  i n l e t  t o t a l - t o - r o t o r  
exit static pressure r a t io )  
(d)  Turbine i n l e t  t o t a l - t o - r o t o r  e x i t  s t a t i c  
p r e s s u r e  r a t i o  
(e )  To ta l - to - to t a l  e f f i c i e n c y  (uncorrec ted  
f o r  Reynolds number e f f e c t )  a t  d i f f u s e r  
e x i t .  (Based on t u r b i n e  i n l e t  t o t a l - t o -  
exhaust  d i f f u s e r  e x i t  t o t a l  p re s su re  r a t i o )  
( f )  Turbine i n l e t  to ta l - to-exhaus t  Z i f f u s e r  
e x i t  t o t a l  p re s su re  r a t i o  
(9) T o t a l - t o - s t a t i c  e f f i c i e n c y  (uncorrec ted  
f o r  Reynolds number e f f e c t ) .  (Based on 
t u r b i n e  i n l e t  to ta l - to-exhaus t  d i f f u s e r  
e x i t  s t a t i c  p re s su re  r a t i o . )  
( h )  Turbine i n l e t  to ta l - to-exhaus t  d i f f u s e r  
e x i t  s t a t i c  p re s su re  r a t i o  
(i) Blade-to- je t  speed r a t i o ,  y =  U /V t j  
0 . 8 9 3 7  
1.740 
0 . 8 4 7 6  
1.800 
0 , 8 8 5 8  
1 .749 
0 .8750 
1 . 7 6 3  
0.699 
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Actual specific w%,Ah, Btu/lb 
Weight flow, w, lb/sec 
Specific speed, Ns = NQ1l2/ (gH) 3/4 
Turbine speed, N, rpm 
Reynolds number, Re = w/pirt 
Inlet total temperature, OR 
Inlet total pressure, psia 
Working fluid, XeHe mixture, 
molecular weight 
Number of blades 











Table 4 summarizes the turbine temperature and pressure behavior. 
The final turbine geometry, including the exhaust diffuser, is shown 
in Figure 15; the turbine velocity diagrams are shown in Figures 16 
and 17. The rotor velocity diagrams are presented for the midpoint 
of the three stream tubes, as indicated in Figure 15. The blade trail- 
ing edge extension, as shown, provides enough blade length so that the 
rotor blade trailing edge may be tailored (based on data from rotor 
exit survey measurements) by machining to the proper shape to pro- 
duce - at the rotor exit - a nearly zero tangential component of 
absolute velocity. 
the point where the theoretical computations indicated that the rotor 
exit tangential component of absolute velocity would be nearly zero. 
Note that the rotor exit velocity diagrams are for 
31 
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XeHe BRU TURBINE ROTOR VECTOR DIAGRAMS - (INSIDE BLADE ROW) 
(FINAL TURBINE DESIGN) 
FIGURE 1 7  
3 4  
This occurs at a Z-dimenslon o f  1.556 which is 0.209 in. in from the 
rotor trailing edge as noted in Figure 15. 
TABLE 4 




Scroll inlet 25.00 
Stator inlet 24.90 
Stator exit 24.78 
Rotor inlet 24.67 
Rotor exit 14.37 



















A temperature and thermal stress analysis was performed on the 
BRU turbine wheel. BRU steady-state operating conditions for turbine 
inlet temperature (2060OR) and speed (36,000 rpm) were utilized for 
the analysis. Temperatures from the complete BRU thermal analysis 
were used to set the boundary conditions. 
Figure 18 presents the steady-state blade and disk temperature 
distribution in the turbine wheel and attachment sleeve. By use of 
this temperature distribution, the combined thermal and centrifugal 
stresses (Figures 19 and 20) were calculated. 
Figure 21 presents the equivalent stress distribution in the tur- 
bine wheel. Equivalent stress is a plane stress defined by 
- 2 2 
2 - u l - u u  + u  
2 
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TANGENTIAL STRESS - KSI 
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TANGENTIAL STRESS DISTRIBUTION 
NASA BRU TURBINE WHEEL 
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EQUIVALENT STRESS - KSI 
36,000 RPM 
EQUIVALENT STRESS DISTRIBUTION 
NASA BRU TURBINE WHEEL 
F I G U R E  21 
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where 7 
occurs when the equivalent, stress equals the material yield strength. 
The principal stresses in the wheel disk are radial and tangential; 
axial stresses are minor. However, in the attachment sleeve, the 
axial and the tangential stresses are principal, and the radial are 
minor. As may be observed from Figure 20, the peak stress occurs at, 
the att3chment of the sleeve to the wheel disk. A small amount of 
localized creep and redistribution of stresses will occur at this area 
during the 50,000-hr wheel design-life. 
and O 2  are the principal stresses in the plane. Yieiding 1 
The maximum radial stress in the blades is calculated to be 
10,000 psi, which is lower than the average tangential stress in the 
d i s k  (12,400 p s i ) .  Hence, the stress-rupture life of the wheel, 
limited by the strength of the disk and based upon extrapolated creep- 
test data for the Inconel 713 LC wheel material, is in excess of 10 
hr. Creep at 50,000 hr is neqligible. 
8 
Fcr a more extensive treatment of the turbine design, the reader 
is referred to Reference 2, the turbine research package final report. 
As a final stress condition check, a growth and burst test was 
conducted on one of the production BRU turbine wheels. The test was 
accomplished at the contractor whirlpit test facility shown in Figure 
2 2 .  Growth data was taken for five locations for increasing incre- 
mental speeds, beginning at 60,000 rpm. Two measurements were recorded 
at each location, which included the axial and radial growth of the 
hub tip, the radial growth of the blade tips at the leading and trail- 
ing edges (inlet and exducer), and the radial growth of the free-end 
bore. A summary of this growth data is presented in Figure 23. 
The wheel hub burst occurred at 108,000 rpm, which is within the 
predicted burst-speed range (100,000 to 123,000 rpm). Inspection of 
Figure 23 reveals that the yield speed occurred near 85,000 rpm, as 
40 















i x  
4 2  
i predicted by stress-rupture analysis. This is a factor of 2.36 times 
design speed. Figures 2 4  and 25 are photographs of the burst wheel. 
The first photo shows the arbor and a clean break at the hollow shaft. 
This part was connected to the still spinning drive turbine after the 
wheel burst. Examination of the burst fragments shown in Figure 25 
indicate that the hub failure was somewhat symmetrical, with the ini- 
tial rupture occurring, as expected, near the centerline. 
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NASA BRU TURBINE WHEEL, P / N  6 9 9 7 0 7  
S E R I A L  7 X - 1 0 6 ,  ARBOR P / N  P 4 7 - 8 9 A - 2 6 5  
BURST T E S T  P E R  NASA CONTRACT NAS 3 - 9 4 2 7  
VIEW O F  ARBOR AND PORTION O F  HUB SHAFT 
F I G U R E  2 4  
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E 
BURST T E S T  O F  BRU T U R B I N E  
WHEEL, P/N 699707 S E R I A L  7X-106 
REAR VIEW O F  HUB 
F I G U R E  25 
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3 . 3  Electrical  Design 
The electrical  components c o n s i s t  of a b r u s h l e s s  R i c e  a l t e r n a t o r  
having  a r a t e d  o u t p u t  of 10.5 kwe and t h e  e lectr ical  power sys tem 
c o n t r o l s ,  c o n s i s t i n g  of a n  a l t e r n a t o r  v o l t a g e  r e g u l a t o r ,  and a 
p a r a s i t i c - t y p e  speed  c o n t r o l .  The d e s i g n  of t h e s e  components is 
d e t a i l e d  e x t e n s i v e l y  i n  t h e  1200-Hz Brayton Electr ical  Research 
Components F i n a l  Repor t  (NASA CR-72564, Reference  3) . 
3.3.1 A l t e r n a t o r  Design 
The o b j e c t i v e  i n  deve lop ing  t h i s  a l t e r n a t o r  w a s  t o  create a com- 
ponent  f o r  a p r a c t i c a l  space power system capab le  of o p e r a t i n g  on gas 
b e a r i n g s .  
System c o n s i d e r a t i o n s  e s t a b l i s h e d  t h e s e  d e s i g n  c r i t e r i a  f o r  t h e  
a l t e r n a t o r :  
(a)  High e f f i c i e n c y  ( t o  reduce  o v e r a l l  system w e i g h t )  
(b) Minimum r o t o r  s i z e  ( t o  reduce  windage loss and b e a r i n g  l o a d )  
f c )  Maximum r e l i a b i l i t y  
E v a l u a t i o n  of t h e  a p p l i c a b l e  system s p e c i f i c a t i o n s  and t h e  v a r i o u s  
d e s i g n  c r i t e r i a  p e r t a i n i n g  t o  t h e  a p p l i c a t i o n  of t h i s  a l t e r n a t o r  led t o  
the s e l e c t i o n  of t h e  R i c e  c o n f i g u r a t i o n  ( F i g u r e  2 6 ) .  
The R i c e  a l t e r n a t o r  i s  a b r u s h l e s s ,  n o n r o t a t i n g  c o i l  synchronous 
a l t e r n a t o r .  The s t a t o r  h a s  a c o n v e n t i o n a l  Y-wound th ree -phase  winding.  
4 6  
a - \  
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The f l u x  i n  t h e  s t a t i o n a r y  e x c i t a t i o n  c o i l  is c a r r i e d  t o  t h e  r o t o r  
through t w o  a u x i l i a r y  a i r  gaps a t  each  end of t h e  rotor  ( F i g u r e  2 6 ) .  
The n o r t h  and s o u t h  pole e lements  of t h e  ro tor  conduct  f l u x  t o  t h e  
s ta tor  windings ;  t h e  main f l u x  f lows  through p a t h s  of l e a s t - m a g n e t i c  
r e l u c t a n c e .  The f l u x  i s  e s t a b l i s h e d  by t h e  magnetomotive force of 
s t a t i o n a r y  exc i t a t ion  co i l s  i n  t h e  frame of the machine. The magnet i -  
c a l l y  conduc t ive  p o r t i o n s  of t h e  ro to r  are s e p a r a t e d  by a nonmagnet ic  
separator t h a t  i s  p r i m a r i l y  a s t r u c t u r a l  element t o  p r o v i d e  s t r e n g t h ,  
o r  r i g i d i t y ,  and p o l e  s e p a r a t i o n  i n  t h e  r o t o r .  The separator has 
secondary  f u n c t i o n s  of windage loss  r e d u c t i o n  and e l e c t r o m a g n e t i c  
damping t o  minimize t h e  f l u x  v a r i a t i o n s .  
s t a t o r  l a m i n a t i o n s  are suppor t ed  i n  a copper cage to :  
Achieve good h e a t  removal t o  t h e  frame, which i s  l i q u i d -  
cooled 
Minimize f l o w  of f l u x  from t h e  s t a t o r  t o  t h e  frame and,  
t h u s  r educe  t h e  p o s s i b l i t y  of magnet ic  unbalanced forces 
a r i s i n g  due  t o  unsymmetr ical  f l u x  d i s t r i b u t i o n  i n  t h e  a i r  
gap 
H o l d  t h e  s t a c k  l a m i n a t i o n s  t o g e t h e r  w i t h o u t  t h e  u s e  of  bond- 
i ng  cement or  back- i ron  weldment 
O t h e r  s i g n i f i c a n t  f e a t u r e s  of t h e  R i c e  c o n f i g u r a t i o n  are: 
( a )  The a l t e r n a t o r  frame s e r v e s  b o t h  as a s t r u c t u r a l  member and 
as a par t  of t h e  magnet ic  c i r c u i t .  The frame and end bel ls  
have t w o  f u n c t i o n s  i n  a d d i t i o n  t o  t h e i r  s t r u c t u r a l  f u n c t i o n .  
F i r s t ,  t h e y  p r o v i d e  t h e  n e c e s s a r y  low- re luc t ance  magnet ic  
c i r c u i t  f o r  t h e  e x c i t a t i o n  co i l s  conduc t ing  t h e  f l u x  a round 
the f i e l d s  t o  t h e  f l u x  col lectors  o r  a u x i l i a r y  gaps a t  e a c h  
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end of t h e  r o t o r .  Second, t h e y  p r o v i d e  a means of 
conduc t ing  h e a t  from t h e  a l t e r n a t o r  p a r t s  t o  t h e  c o o l i n g  
f l u i d s  . 
(b) Fie ld  c o i l s  are l o c a t e d  a d j a c e n t  t o  t h e  frame and s t a t o r ,  
f a c i l i t a t i n g  h e a t  t r a n s r e r  of  the f i e l d  losses. The f i e l d  
or e x c i t a t i o n  c o i l s  a t  each  end of t h e  a l t e r n a t o r  are s imple  
bobbin-wound c o i l s .  Each c o i l  h a s  two s e c t i o n s - - a  series 
s e c t i o n  and a c o n t r o l  ( s h u n t )  s e c t i o n .  The series c o i l s  
p r o v i d e  e x c i t a t i o n  from c u r r e n t  t r a n s f o r m e r s  i n  t h e  leads t o  
t h e  l o a d .  T h i s  e x c i t a t i o n  i s  p r o p o r t i o n a l  t o  l o a d  c u r r e n t ,  
The c o n t r o l  c o i l s  p rov ide  e x c i t a t i o n  from t h e  v o l t a g e  regu-  
l a t o r  as n e c e s s a r y  t o  m a i n t a i n  c o n s t a n t  v o l t a g e  r e g a r d l e s s  
of  l o a d ,  s p e e d ,  o r  t empera tu re  v a r i a t i o n  i n  t h e  system. The 
e x c i t a t i o n  c o i l s  are suppor t ed  i n  copper  bobbins  which pro-  
v i d e  good h e a t  conduc t ion  from t h e  c o i l s  t o  t h e  frame.  The 
copper  bobbins  a l s o  f a c i l i t a t e  c o o l i n g  a t  t h e  end t u r n s  of 
t h e  s t a t o r  winding.  
(c) The r o t o r  i s  a composi te  b razed  s t r u c t u r e  of magnet ic  and 
nonmagnetic materials.  
i n  S e c t i o n  6 .0 .  T h e  nonmagnetic material between t h e  p o l e s  
acts as a n  e l e c t r o m a g n e t i c  damper d u r i n g  motor and g e n e r a t o r  
a c t i o n .  
F a b r i c a t i o n  of t h e  r o t o r  i s  d i s c u s s e d  
3.3.2 Vol tage  Regu la to r  Design 
The v o l t a g e  r e g u l a t o r  i s  des igned  as a breadboard  u n i t  u t i l i z i n g  
h igh  r e l i a b i l i t y  components. 
d u r i n g  development t e s t i n g  and i n c l u d e s  such f e a t u r e s  as p r o v i s i o n s  
f o r  e i t h e r  i n t e r n a l  o r  e x t e r n a l  v o l t a g e  s e n s i n g  and a removable series 
f i e l d  module. A b lock  diagram of t h e  VR o p e r a t i o n  is  shown i n  
‘Lgure 2 7 .  
I t  i s  des igned  f o r  maximum f l e x i b i l i t y  
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F i e l d  e x c i t a t i o n  i s  provided  by t h e  combinat ion of a series 
f i e l d  winding and a s h u n t  ( c o n t r o l )  winding i n  t h e  a l t e r n a t o r .  
a l l  s p e c i f i e d  l a g g i n g  l o a d  c o n d i t i o n s ,  t h e  e x c i t a t i o n  provided  by t h e  
series f i e l d  i s  less t h a n  t h e  t o t a l  r e q u i r e d  a l t e r n a t o r  e x c i t a t i o n .  
The s h u n t  f i e l d  r e g u l a t o r  s u p p l i e s  t h e  r e q u i r e d  i n c r e m e n t a l  e x c i t a t i o n  
upon demand of t h e  v o l t a g e  loop .  
when t h e  series f i e l d  e x c i t a t i o n  may be i n  e x c e s s  of t he  t o t a l  r e q u i r e -  
ment,  i s  n o t  w i t h i n  t h e  c a p a b i l i t y  of t h i s  system. 
pred ic ted  e l ec t r i ca l  character is t ic  c u r v e s  are shown i n  F i g u r e s  28  and 
2 9 .  
o p e r a t i n g  p o i n t s  are o b t a i n e d  d i r e c t l y  from F i g u r e  28. 
series f i e l d  e x c i t a t i o n  i s  l i n e a r l y  e x t r a p o l a t e d  from the  s h o r t - c i r c u i t  
r e q u i r e m e n t s ,  and the  d i f f e rence  i s  t h e n  assigned t o  t h e  s h u n t  f i e l d .  
Var ious  views of the final design are shown in Figures 3 3 ,  3 1 ,  and 3 2 .  
For 
Opera t ion  a t  l e a d i n g  power f a c t o r s ,  
The a l t e r n a t o r  
T o t a l  e x c i t a t i o n  r e q u i r e m e n t s  a t  s h o r t  c i r c u i t  and v a r i o u s  o t h e r  
The a v a i l a b l e  
3 . 3 . 3  Speed C o n t r o l  Design 
The speed c o n t r o l  system i s  a p a r a s i t i c - l o a d - t y p e  u s i n g  d i s s i p a -  
t i v e  r e s i s t i v e  l o a d  t o  b a l a n c e  real  load  changes and/or  v a r i a t i o n s  i n  
n e t  t u r b i n e  s h a f t  power i n p u t  t o  t h e  a l t e r n a t o r .  
r e q u i r e m e n t s  i n c l u d e  t h e  fo l lowing :  
The speed c o n t r o l  
C a p a b i l i t y  of c o n t r o l l i n g  speed w i t h  a f requency  e r r o r  
s i g n a l  
C a p a b i l i t y  of m a i n t a i n i n g  t h e  a l t e r n a t o r  f r equency  a t  1 2 0 0  
Hz t o  w i t h i n  t h e  s p e c i f i e d  l i m i t s  
Minimizing t h e  effect  of t h e  c o n t r o l  d e v i c e  on harmonic con- 
t e n t  of t h e  a l t e r n a t o r  v o l t a g e  and c u r r e n t  
Minimizing t h e  l o s s e s  i n  t he  c o n t r o l  d e v i c e  when the  demand 
f o r  p a r a s i t i c  l oad  i s  z e r o  
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VOLTAGE REGULATOR ASSEMBLY 
TOP VIEW 
FIGURE 30 
5 4  
FRONT VIEW 
WITH PANEL REMOVED 
REAR VIEW 
VOLTAGE REGULATOR ASSEMBLY 
FIGURE 3 1  
5 5  
- -  
BOTTOM VIEW 
VOLTAGE REGULATOR ASSEMBLY 
F I G U R E  32 
5 6  
( e )  P rov ide  c a p a b i l i t y  f o r  l o a d i n g  t h e  a l t e r n a t o r  t o  150 p e r c e n t  
of  d e s i g n  r a t i n g  
T h i s  sys tem u t i l i z e s  t h r e e  con t ro l  c i r c u i t s  (one t o  s e n s e  each  
phase  of  t h e  1200-Hz, 120-v, 10.5-kw a l t e r n a t o r )  t o  a p p l y  o r  remove 
p a r a s i t i c  l o a d i n g  t o  m a i n t a i n  a c o n s t a n t  f requency  udder  v a r y i n g  o u t -  
p u t  l o a d  and a l t s r n a t o r  i n p u t  c o n d i t i o n s .  
u t i l i z e d  t o  improve system r e l i a b i l i t y .  Each c o n t r o l  c i r c u i t  l o a d s  a l l  
three phases  s i m u l t a n e o u s l y .  
2 kw p e r  phase  each  t o  p r o v i d e  6 kw p e r  c o n t r o l  c i r c u i t  f o r  a speed 
c o n t r o l  t o t a l  l o a d  c a p a c i t y  of  18 kw,. 
maximum p a r a s i t i c  l o a d  r e q u i r e d  i s  1 0 . 5  kw, t h e r e f o r e  one c o n t r o l  
c i r c u i t  may f a i l  i n  t h e  OFF c o n d i t i o n  w i t h o u t  a f f e c t i n g  o v e r a l l  system 
per formance  . 
Three  c o n t r o l  c i r c u i t s  were 
The p a r a s i t i c  l o a d s  were e s t a b l i s h e d  a t  
During normal o p e r a t i o n ,  t h e  
Each c o n t r o l  c i r c u i t  c o n s i s t s  o f  a f requency  d e t e c t o r ,  a n  ampli-  
f i e r  s e c t i o n ,  and  a f i r i n g  c i r c u i t .  The  f r equency  d e t e c t o r  c o n v e r t s  
t h e  f r equency  error  t o  a d c  s i g n a l  t h a t  i s  a m p l i f i e d  by t w o  s t a g e s  o f  
push -pu l l  magne t i c  a m p l i f i e r s .  
t h a t  o c c u r s  a t  t h e  c e n t e r  o f  each h a l f - c y c l e .  The d u r a t i o n  of e a c h  
p u l s e  i s  p r o p o r t i o n a l  t o  t h e  f r equency  error .  
be  used f o r  t r a n s i s t o r  c o n t r o l  o f  t h e  p a r a s i t i c  l o a d  a t  such t i m e  as 
a 600-v, 10-amp t r a n s i s t o r  of proven r e l i a b i l i t y  i s  avai lable . )  
The o u t p u t  i s  a monopo la r i ty  p u l s e  
( T h i s  s i g n a l  cou ld  a l s o  
The f i n a l  speed  c o n t r o l  d e s i g n  i s  shown i n  F i g u r e s  3 3  and 3 4 .  
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SPEED CONTROL 
F I G U R E  3 3  
5 8  
BRU SPEED-CONTROL SUBASSEMBLY 




3.4 Gas Bear ing  Design and Rotor Dynamic Ana lys i s  
The g a s  b e a r i n g  r o t o r  suspens ion  system of t h e  BRU i s  an  e x t e n s i o n  
of t h e  technology developed  under C o n t r a c t s  NAS3-2778 and NAS3-7633. 
The j o u r n a l  b e a r i n g s  a r e  i n s t a l l e d  w i t h  a clamped p r e l o a d .  E x t e r n a l  
p r e s s u r i z a t i o n  t o  both  t h e  j o u r n a l  and t h r u s t  b e a r i n g  assemblies i s  
used t o  f l o a t  t h e  s h a f t  and s u p p o r t  t h e  r o t o r  d u r i n g  a c c e l e r a t i o n  t o  
and d e c e l e r a t i o n  from d e s i g n  o p e r a t i n g  speed .  A t  d e s i g n  o p e r a t i n g  
speed t h e  e x t e r n a l  p r e s s u r i z a t i o n  i s  d i s c o n t i n u e d  and t h e  b e a r i n g s  
become s e l f - a q t i n g .  The f i l t e r e d  e x t e r n a l  p r e s s u r i z a t i o n  g a s  i s  f e d  
t o  bo th  t u r b i n e  and compressor j o u r n a l  b e a r i n g s  th rough  a s i n g l e  mani- 
f o l d  connec t ion .  Each s i d e  of t h e  t h r u s t  b e a r i n g  assembly i s  s u p p l i e d  
by i t s  own f i l t e r e d  mani fo ld  connec t ion .  Thus, t h r e e  remote ly  a c t u -  
a t e d  valves can  be used t o  c o n t r o l  the e x t e r n a l  p r e s s u r i z a t i o n  g a s  
f lows .  
The b e a r i n g  c a v i t y  ambient  p r e s s u r i z a t i o n  i s  s u p p l i e d  from a 
f i l t e r e d  mani fo ld  which i s  connected t o  t h e  d i s c h a r g e  s i d e  of t h e  
compressor s c r o l l .  Th i s  g a s  f low (approx ima te ly  2 p e r c e n t  of  t h e  s y s -  
t e m  mass f low)  e s c a p e s  back i n t o  t h e  sys tem loop t h rough  t h e  l a b y r i n t h  
seals a t  t h e  backface  hubs of bo th  t h e  t u r b i n e  and compressor .  The 
f i n a l  d e s i g n s  f o r  t h e  t h r u s t  and j o u r n a l  b e a r i n g s  a re  shown i n  F i g u r e  
35. The f o l l o w i n g  s e c t i o n s  d e t a i l  t h e  d e s i g n  p rocedure  t h a t  r e s u l t e d  
i n  a s u c c e s s f u l  g a s  b e a r i n g  r o t o r  suspens ion  sys tem.  AiResearch,  a t  
t h e  r e q u e s t  of NASA, e n l i s t e d  t h e  s u b c o n t r a c t u a l  s u p p o r t  of t h e  
F r a n k l i n  I n s t i t u t e  Research Labora tory  ( F I R L )  d u r i n g  t h e  p e r i o d  of 
b e a r i n g  d e s i g n .  
penden t ly  v e r i f y  AiResearch ' s  b e a r i n g  d e s i g n s .  
i s  d e t a i l e d  e x t e n s i v e l y  i n  S e c t i o n  3.4.5. 
FIRL performed a n a l y t i c a l  s i m u l a t i o n  s t u d i e s  t o  inde-  
The F I R L  c o n t r i b u t i o n  
3 . 4 . 1  J o u r n a l  Bea r ings  
The g a s  j o u r n a l  b e a r i n g s  a r e  of t h e  three-segment ,  p ivoted-pad  
t y p e .  An e x t e r n a l  p r e s s u r i z a t i o n  o r i f i c e  i s  p rov ided  a t  each pad 








Each of t h e  t h r e e  e q u a l l y  spaced  pads i n  each  j o u r n a l  b e a r i n g  i s  
p i v o t e d  on a lapped  b a l l - s o c k e t  j o i n t  of 0.2500-in.  r a d i u s .  The b a l l  
end of t h e  b a l l - s o c k e t  p i v o t  of two pads i n  each  j o u r n a l  b e a r i n g  i s  
r i g i d l y  c o n s t r a i n e d  t o  t h e  b e a r i n g  c a r r i e r  on a r e s i l i e n t  mount. The 
nominal s p r i n g  ra te  of  t h e  r e s i l i e n t  mount is  2 0 0 0  l b / i n .  
The j o u r n a l  shoes  and mounts were shown i n  F i g u r e  36. The two 
upper  mounts a r e  r i g i d ,  whereas  t h e  bot tom mount shown i s  r e s i l i e n t .  
De ta i l  d e s i g n  f e a t u r e s  of t h e  f i n a l  d e s i g n  are  shown i n  F i g u r e s  3 7  and 
38 w i t h  t h e  mater ia l  s e l e c t i o n .  
3 . 4 . 1 . 1  J o u r n a l  Bear ing  Design A n a l y s i s  
I 
The f i n a l  j o u r n a l  b e a r i n g  geometry was t a i l o r e d  t o  the BRU con-  
f i g u r a t i o n  and gu ided  by A i R e s e a r c h  e x p e r i e n c e  w i t h  p i v o t e d  pad b e a r -  
ings .  The f o l l o w i n g  geomet r i c  p r o p e r t i e s  w e r e  chosen:  
L/D = 0.75 
Pad arc l e n g t h  = 1 0 0  deg 
P i v o t  l o c a t i o n  = 6 5  p e r c e n t  of d i s t a n c e  from l e a d i n g  edge 
The c o n d i t i o n s  under  which t h e  b e a r i n g s  would o p e r a t e  w e r e  d e f i n e d  
by t h e  f o l l o w i n g  p a r a m e t e r s :  
Rotor  speed  = 36,000 rpm 
Rotor  w e i g h t  = 21.8 lb 
L u b r i c a n t  = X e - H e  mix tu re  having  a molecu la r  we igh t  of 8 3 . 8  
V i s c o s i t y  
B e a r i n g  c a v i t y  = 19 t o  4 2 . 6  p s i a  
ambient  p r e s s u r e  
= 5 . 1  x lo-' r e y n s  (34OOF) 
J o u r n a l  r a d i u s  w a s  based  on an e x i s t i n g  c u r v i c  c o u p l i n g  d e s i g n  of 
1 . 7 5  i n .  d i a m e t e r  t h a t  was s p e c i f i c a l l y  des igned  f o r  t h e  NASA under  
C o n t r o l  NAS3-2778. With j o u r n a l  and pad geometry f i x e d ,  i t  t h e r e f o r e  
remained t o  select an o p e r a t i n g  pad c l e a r a n c e  t h a t  maximized load  
c a p a c i t y  and minimized f r i c t i o n a l  loss w h i l e  a s s u r i n g  s t a b l e  o p e r a t i o n  
from s e l f - e x c i t e d  w h i r l .  
6 2  








0.2500 DIA . SPHERICAL 
/-MATCH-LAPPED TO BALL 
-+ 
/ 
L 0.009 - 0.012 I??. D I A  O R I F I C E  
SURFACE 
-(19.200 IN. D I A  
RECESS PAD x 
0.0005 - o.ooio IN. 
JOURNAL BEARING PAD D E T A I L  DESIGN FEATURES 
F I G U R E  37 












ROTOR JOURNA DIAMETE 
\ 
\ \ 
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JOURNAL BEARING DETAIL DESIGN FEATURES 
FIGURE 38 
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(a )  Opera t ing  C lea rance  S e l e c t i o n  
Two c r i t e r i a  w e r e  u t i l i z e d  i n  choos ing  t h e  o p e r a t i n g  
c l e a r a n c e  of t h e  j o u r n a l  b e a r i n g  pads: (1) t h e  i n f l u e n c e  
of  c l e a r a n c e  r a t i o  upon pad l o a d  c a p a c i t y ,  and (2) t h e  
i n f l u e n c e  of  pad c l e a r a n c e  r a t i o  on r o t o r  dynamic s t a b i l i t y  
The f o l l o w i n g  variables are c o n s i d e r e d  i n  t h e  o p e r a t i n g  
c l e a r a n c e  s e l e c t i o n :  
0 Dimensionless  pad c l e a r a n c e  r a t i o  = C/R 
2 0 Dimensionless  pad load  c a p a c i t y  = W/PaR 
o Bear ing  pad f r i c t i o n  loss, kw 
2 o Pad c o m p r e s s i b i l i t y  number, A = (6W/Pa)  (R/C) 
0 Pad e c c e n t r i c i t y  r a t i o ,  E = e/c 
where 
C*= pad c l e a r a n c e ,  i n .  (pad "ground-in"  r a d i u s  minus 
R = j o u r n a l  r a d i u s ,  i n .  
j o u r n a l  r a d i u s )  
W = b e a r i n g  pad l o a d ,  l b  
Pa = b e a r i n g  c a v i t y  p r e s s u r e ,  p s i a  
p = l u b r i c a n t  v i s c o s i t y ,  Reyns ( l b / f t - s e c )  
S2 = j o u r n a l  s u r f a c e  a n g u l a r  v e l o c i t y ,  r a d / s e c  
e = pad e c c e n t r i c i t y ,  i n .  
= pad minimum f i l m  t h i c k n e s s ,  i n .  hmin 
*A g e o m e t r i c  parameter  o f t e n  r e f e r r e d  t o  a s  " runn ing  c l e a r a n c e " .  
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(1) Pad Load C a p a c i t y  
F i g u r e  39 is  a p l o t  o f  d i m e n s i o n l e s s  pad l o a d  c a p a c i t y  
v e r s u s  c l e a r a n c e  r a t i o  f o r  a s i n g l e  pad a t  v a r i o u s  
c o n s t a n t  minimum f i l m  t h i c k n e s s e s  a t  t h e  BRU b e a r i n g  
c a v i t y  d e s i g n  p r e s s u r e  ( 2 4 . 5  p s i a  a t  6.0-kw c o n d i t i o n ) .  
Note t h a t  a g i v e n  c l e a r a n c e  r a t i o  i s  optimum f o r  o n l y  
one  v a l u e  of  minimum f i l m  t h i c k n e s s .  I t  i s  desirable 
t o  choose  a c l e a r a n c e  r a t i o  t h a t  i s  t o  t h e  r i g h t  of 
t h e  peak i n  t h e  l o a d  cu rve .  With such  a c h o i c e  f o r  
c l e a r a n c e  r a t i o ,  s l i g h t  d e c r e a s e s  i n  c l e a r a n c e ,  as 
t h o s e  due  t o  c e n t r i f u g a l  e f f e c t s ,  w i l l  a c t u a l l y  i n -  
crease t h e  f i l m  t h i c k n e s s .  The l o a d  c a p a c i t y  d e c r e a s e s  
much less r a p i d l y  t o  t h e  r i g h t  o f  t h e  peak v a l u e .  
F i g u r e  4 0  shows t h e  e f f e c t  on t h e  optimum c l e a r a n c e  
r a t i o  as t h e  b e a r i n g  ambient  p r e s s u r e  changes-- the 
optimum c l e a r a n c e  r a t i o  i n c r e a s e s  w i t h  d e c r e a s i n g  
p r e s s u r e .  The pad f r i c t i o n  loss  decreases as t h e  
c l e a r a n c e  r a t i o  i n c r e a s e s ,  as i n  F i g u r e  41 .  
( 2 )  Rotor Dvnamic S t a b i l i t v  
The i m p l i c a t i o n s  o f  b e a r i n g - c l e a r a n c e  s e l e c t i o n  upon 
ro tor  dynamic s t a b i l i t y  were e v a l u a t e d  from t h e  r e s u l t s  
of a program completed under  C o n t r a c t  NAS 3 - 7 6 3 3  
(Refe rence  4 ) .  A p r i n c i p a l  o b j e c t i v e  of t h i s  i n v e s t i -  
g a t i o n  w a s  t o  a t t e m p t  t o  e s t a b l i s h  a c o r r e l a t i o n  between 
t h e  d i m e n s i o n l e s s  b e a r i n g  p a r a m e t e r s - - e c c e n t r i c i t y  r a t i o  
and c o m p r e s s i b i l i t y  number (A)--and t h e  o n s e t  of  s e l f -  
e x c i t e d  w h i r l  i n s t a b i l i t y .  
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NOTES : 
1. N = 36,000 RPY 
2. T = 400'F 
3. R = 0.875 IN.  
4. L / D  = 0.75 
5. 100' ARC LOCATION 
6. 65% P I V O T  LOCATION 
7. Pa = 24.5 P S I A  
8 .  LUBRICANT VISCOSITY = 5 x REYNS 
\ 
0.5 1.0 1.5 2.0 2 
C/R, IN./IN. x lo3 
CLEARANCE RATIO OPTIMIZATION 




= 0.0002 IN. 
-  0.00035 I N .  
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PAD DIMENSIONLESS LOAD CAPACITY, W/PaR2 
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BEARING PAD FRICTION - WATTS 
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F i g u r e  42 from t h i s  s t u d y  p r e s e n t s  e x p e r i m e n t a l l y  
o b t a i n e d  o p e r a t i n g  c o n d i t i o n s  a t  which t h e  o n s e t  of  
s e l f - e x c i t e d  w h i r l  ensued.  T h i s  curve  demons t r a t e s  
t h a t  a c o n s i s t e n t  c o r r e l a t i o n  d i d  e x i s t  f o r  t h a t  sys tem 
between ro tor  s t a b i l i t y  and t h e  p r e v i o u s l y  mentioned 
d i m e n s i o n l e s s  b e a r i n g  pa rame te r s .  I t  i s  p o i n t e d  o u t  
t h a t  t h e  s t a b i l i t y  s t u d y  w a s  conducted  by u s e  of  a 
v e r t i c a l l y  o r i e n t e d  ro tor  and a b e a r i n g  mounting sys tem 
i d e n t i c a l  w i t h  t h e  BRU system. F u r t h e r ,  r e s p e c t i v e  
r o t o r  mass and i n e r t i a l  p r o p e r t i e s  of  t h e  p r e s e n t  BRU 
sys tem are s imilar  t o  t h o s e  used  i n  t h e  s t a b i l i t y  
i n v e s t i g a t i o n ,  as i n d i c a t e d  i n  t h e  f o l l o w i n g  t a b l e .  
Id 2 
I 
Weight, l b  i n . - l b - s e c  p 2  i n . - l b - s e c  
BRU r o t o r  21.8 0.0582 1.318 
T e s t  r o t o r  ( C o n t r a c t  1 6 . 1  
NAS 3 - 7 6 3 3 )  
0 . 0 3 5  1 . 3 4 3  
An upper bound to the experimental results presented i n  
F i g u r e  42 w a s ,  t h e r e f o r e ,  e s t a b l i s h e d  and used  as t h e  
e v a l u a t i o n  c r i t e r i o n  f o r  t h e  p r e s e n t  b e a r i n g  pads .  
F i g u r e  43 p r e s e n t s  maximum s a f e - o p e r a t i n g  minimum f i l m  
t h i c k n e s s e s  as a f u n c t i o n  of  ambient  p r e s s u r e  f o r  v a r i -  
ous  b e a r i n g  c l e a r a n c e s .  A r e l a t i v e l y  l a r g e  b e a r i n g  
c l e a r a n c e  i s  d e s i r a b l e  t o  p r o v i d e  a maximum r a n g e  i n  
o p e r a t i n g  c h a r a c t e r i s t i c  f i l m  t h i c k n e s s e s  o v e r  which 
r o t o r  dynamic s t a b i l i t y  may be  expec ted .  
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NOTES : 
1. CONFIGURATION:  THREE P I V O T E D  PADS, TWO R I G I D  MOUNTS AND 
2 .  L I N E S  ARE B E S T - F I T  CURVES THROUGH DATA P O I N T S .  DATA 
3 .  A = 6 b n ( d C ) * / P a  
4.  e = l -  
ONE F L E X I B L E  MOUNT A T  K = 1800 L B / I N .  
P O I N T S  REFER TO ONSET O F  SELF-EXCITED I N S T A B I L I T Y .  
hmin’C 
5. p, = VISCOBXTY,  REXNS 
6 .  Pa = AMBIENT C A V I T Y  PRESSURE,  P S I A  
= MINIMWM F I L M  T H I C K N E S S ,  I N .  7 .  hmin 
8. C = PAD CLEARANCE, I N .  
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v) E 0.0006 
U 
NOTES : 
1. JOURNAL RADIUS = 0.8750 
2 .  BEARING RADIUS = 0.8750 + C 
3 .  BEARING LENGTH = 1 . 3 1  I N .  
4. PAD ARC = looo 
5 .  PIVOT A T  65' FROM LEADING EDGE 
6 .  N = 36,000 rpm 
7 .  LUBRICANT: Xe-He MIXTURE (MW = 8 3 . 8 )  
8 .  II = 5.1 x lo-' reyns AT 340'F 
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E F F E C T  OF B W I N G  O P E M T I N G  
C Z W C E  ON ROTOR DYNAMIC 
S T A B I L I T Y  
FIGURE 43 
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Based upon t h e  i m p l i c a t i o n s  of  b e a r i n g  clearance upon 
load  c a p a c i t y ,  b e a r i n g  f r i c t i o n  loss, and r o t o r  dynamic 
s t a b i l i t y ,  a r e l a t i v e l y  l a r g e  b e a r i n g  c l e a r a n c e  i s  
d e s i r a b l e  and,  t h e r e f o r e ,  t h e  va lue  of 0 . 0 0 2 2  i n .  a t  
o p e r a t i n g  c o n d i t i o n s  w a s  chosen.  Extending t h e  b e a r i n g  
clearance beyond t h i s  l e v e l  h a s  t h e  u n d e s i r a b l e  a s p e c t s  
of j e o p a r d i z i n g  pad load c a p a c i t y  a s  t h e  f i l m  t h i c k n e s s  
becomes unaccep tab ly  sma l l ,  and a l s o  of  j e o p a r d i z i n g  
maximum a t t a i n a b l e  load  c a p a c i t y  w i t h  ex terna l  p r e s s u r i -  
z a t i o n .  
( b )  P r e d i c a t e d  Bea r ing  Pad Performance 
The p r e d i c t e d  b e a r i n g  pad hydrodynamic performance f o r  a 
runn ing  c l e a r a n c e  of 0 . 0 0 2 2  i n .  i s  shown i n  F i g u r e s  4 4  and 
45 f o r  b e a r i n g  c a v i t y  ambient  p r e s s u r e s  co r re spond ing  t o  t h e  
2.25-,  6 . 0 -  and 10.5-kw c o n d i t i o n s .  The assumed l u b r i c a n t  
t empera tu re  w a s  340'F. 
e 
For  h o r i z o n t a l  o r i e n t a t i o n  of t h e  r o t o r  w i t h  t h e  r e s i l i e n t l y  
s u p p o r t e d  pad i n  t h e  upper p o s i t i o n ,  t h e  superimposed l o a d  
on each  of t h e  two f i x e d  pads i s  h a l f  t h e  r o t o r  we igh t ,  o r  
approx ima te ly  1 0  l b .  The r e s u l t i n g  t o t a l  l o a d  on each  pad 
i s  t h e n  d i c t a t e d  by t h e  p r e l o a d  a p p l i e d  t o  t h e  r e s i l i e n t l y  
suppor t ed  pad. However, from F i g u r e  4 4 ,  i t  i s  e v i d e n t  t h a t  
adequa te  pad l o a d  c a p a c i t y  e x i s t s  t o  s u s t a i n  t h e  r o t o r  we igh t  
p l u s  r e a l i s t i c  l e v e l s  of  superimposed l o a d s  from t h e  res i l i -  
e n t  pad.  
The o p e r a t i n g  j o u r n a l  r a d i u s  of  t h e  BRU r o t o r  i n c r e a s e s  due 
t o  t h e  e f f e c t s  of t empera tu re  changes and c e n t r i f u g a l  growth.  
Temperature-induced hoop stresses i n  t h e  s t ee l  j o u r n a l  are 
caused  by t h e  d i f f e r e n c e  i n  t h e  c o e f f i c i e n t s  of  t he rma l  ex- 
pans ion  between t h e  j o u r n a l  and t h e  copper  h e a t  s h u n t .  
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PREDICTED JOURNAL BEARING PAD 
PERFORMANCE 
(PAD LOAD VS MINIMUM FILM THICKNESS) 
FIGURE 4 4  
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NOTES : 
1. R = 0.875 I N .  
2 .  C = 0.0022 I N .  
3 .  L/D = 0.75 
-9 4.  U = 5 . 1  x 10 REYNS 
5. N = 36,000 RPM 
6. PAD ARC = l o o o  
7 .  PIVOT LOCATION: 65% 
42.6 
10.0 
0 0.2 0.4 0.6 0.8 1.0 
MILS hmin* 
P R E D I C T E D  JOURNAL BEARING PAD 
PERFORMANCE 
( F R I C T I O N A T ,  LOSS VS. MINIMUM F I L M  
THICKNESS 1 
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To a c h i e v e  t h e  d e s i r e d  " runn ing  c l e a r a n c e "  ( C  = 0 .0022  i n . )  
a t  s t e a d y - s t a t e  d e s i g n  s p e e d ,  t h e  b e a r i n g  pad ground-in 
r a d i u s ,  r ,  mus t  b e  ground t o  accommodate t h e  j o u r n a l  growth ,  
A (shown i n  F i g u r e  4 6 ) .  Ground-in pad r a d i u s ,  r ,  i s  d e f i n e d  
as 
r = R + C + A  
where 
R = j o u r n a l  r a d i u s  
C = d e s i r e d  ' ' running clearance" 
A = j o u r n a l  r a d i u s  change due t o  c e n t r i f u g a l  and 
t h e r m a l  growth 
From F i g u r e  4 6 ,  it can be  s e e n  t h a t  t h e  r o t o r  growth is  
dominated by t h e  the rma l  e f f e c t s  caused  by t h e  p r e s e n c e  of 


























3.4.2 T h r u s t  Bearing 
The t h r u s t  b e a r i n g  assembly (F igu re  47) c o n s i s t s  of  a f l a t  p l a t e  
runner  ( i n t e g r a l  w i t h  t h e  r o t o r )  and a p re loaded  p a i r  of mirror image 
s t a t o r  p l a t e s  of t h e  Rayleigh s t e p - s e c t o r e d  t y p e .  
ment of t h e  s t a t o r  faces w i t h  t h e  t h r u s t  ro to r ,  t h e  s t a t o r  assembly i s  
gimbal mounted. The coulomb f r ic t ion-damped gimbal ( F i g u r e  4 8 )  has  a 
nominal moment s t i f f n e s s  i n  each p l a n e  of 800 i n . - l b / r a d  and a nominal 
a x i a l  s t i f f n e s s  ( w i t h  r e s p e c t  t o  hous ing  ground) of 2 5 0 , 0 0 0  l b / i n .  
O r i f i c e s  are p l aced  a t  t h e  c e n t e r  of each t h r u s t  b e a r i n g  pad t o  supply  
e x t e r n a l  p r e s s u r i z a t i o n .  
T o  f a c i l i t a t e  a l i g n -  
3.4.2.1 T h r u s t  Bear ing  Design Ana lys i s  
The f i r s t  s t e p  i n  t h e  t h r u s t  b e a r i n g  des ign  program w a s  t h e  selec- 
t i o n  of an optimum geometry f o r  t h e  BRU a p p l i c a t i o n .  
performed c a l c u l a t i o n s  comparing t h e  s p i r a l  groove s t a t o r  d e s i g n  t o  t h e  
Rayleigh s t e p - s e c t o r  t y p e .  
t h e  s p i r a l  groove d e s i g n  gene ra t ed  s l i g h t l y  lower f r i c t i o n a l  loss; 
however, s e v e r a l  f a c t o r s  appeared t o  f a v o r  t h e  Rayl iegh s t e p - s e c t o r  
type  a s  t h e  c a n d i d a t e  c o n f i g u r a t i o n ,  s p e c i f i c a l l y :  
I n i t i a l l y ,  FIRL 
For e s s e n t i a l l y  t h e  same t h r u s t  c a p a c i t y ,  
( a )  S u p e r i o r  h y d r o s t a t i c  Capac i ty  f o r  a g iven  s t a t o r  d iameter  I 
v 
( b )  L e s s  s e n s i t i v e  t o  thermal  d i s t o r t i o n  
(c )  B e t t e r  squeeze  f i l m  c a p a c i t y  for s h o r t  d u r a t i o n  a x i a l  impulse 
l o a d s .  
( d )  Amenabi l i ty  t o  r i g o r o u s  a n a l y t i c a l  modeling 
\ (e) I n h e r e n t  e a s e  of manufacture  
The fo l lowing  n e t  aerodynamic t h r u s t  l o a d s  were used i n  o p t i  
t h e  s t e p - s e c t o r  b e a r i n g  toward a maximum l o a d  t o  power loss r a t i o .  
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GAGED SPACER DOUBLE SIOE 
THRUST RUNN 
THRUST STATOR Y 
D 
ER 
THRUST BEARING ASSEMBLY 
F I G U R E  47 
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FRICTION-DAMPED FLEXURAL GIMBAL 
F I G U R E  48 
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Aerodynamic T h r u s t  Bear ing  C a v i t y  
Power Leve l ,  T h r u s t  Load, Ambient P res su re ,  
l b  p s i a  
10.5 31 42.6 
kwe 
6 . 0  18 25.1 
2.25 9 1 2 . 6  
The s e l e c t e d  nine-pad d e s i g n  i s  shown i n  F i g u r e  49. F i g u r e s  50 
and 5 1  p r e s e n t  p r e d i c t e d  performance d a t a  f o r  t h e  chosen  9-pad 
Rayle igh- type  t h r u s t  b e a r i n g .  
s u p p l y  p r e s s u r e s  and f o r  t w o  d e s i g n  b e a r i n g  c a v i t y  ambient  p r e s s u r e  
c o n d i t i o n s  co r re spond ing  t o  t h e  10 .5  kw and 2 .25  kwe BRU o p e r a t i n g  
power l e v e l s .  
c a p a c i t y  a t  z e r o  speed  w i t h  e x t e r n a l  p r e s s u r i z a t i o n .  With r e s p e c t  t o  
power l o s s e s  ( F i g u r e  52) it shou ld  b e  n o t e d  t h a t  t h e y  are independen t  
of ambient  p r e s s u r e  l e v e l .  
Hybrid performance i s  g i v e n  f o r  v a r i o u s  
e 
A l s o  shown f o r  comparison i n  F i g u r e s  50 and 5 1 i s  
The t h r u s t - b e a r i n g  pa rame te r s  were s e l e c t e d  t o  p r o v i d e  optimum 
b e a r i n g  per formance  a t  t h e  h i g h e s t  t h r u s t  l o a d  (31  l b )  o p e r a t i n g  con- 
d i t i o n .  
o p e r a t i n g  c o n d i t i o n s  between t h e  maximum a t t a i n a b l e  l o a d  c a p a c i t y  and 
t h e  maximum a t t a i n a b l e  load-to-power-consumption r a t io ,  i n  b o t h  cases 
f o r  a c o n s t a n t  minimum f i l m  t h i c k n e s s .  The f o l l o w i n g  i s  a d i s c u s s i o n  
of  t h e  b e a r i n g  o p t i m i z a t i o n  s t u d y :  
O p t i m i z a t i o n  w a s  made t o  r e f l e c t  a b a l a n c e  a t  s t e a d y - s t a t e  
( a )  O p t i m i z a t i o n  of Design Parameters 
(1) Outer  Radius  - The s u b j e c t  t h r u s t  b e a r i n g  o u t e r  r a d i u s  
of 1.75 i n .  w a s  s e l e c t e d  t o  r educe  tare  windage l o s s e s ,  
w h i l e  m a i n t a i n i n g  adequa te  minimum f i l m  t h i c k n e s s e s  a t  
t h e  maximum t h r u s t  l o a d s .  
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t- 15 230' 39- 30' 
ORIFICE DIAM - 0.014-0.016 INCH 
PAD D I M  - 0 .078-0 .082  INCH 
PAD RECESS DEPTH - 0.005-0.0010 
INCH )"'=i--i"\ 
\ EXTERNAL SUPPLY 
N I N E  PAD THRUST BEARING STATOR 






















102 0.0'004 0.0006 0.6008 0.0010 
MINIMUM FILM THICKNESS, I N .  
1. ORIFICE PISCHARGE COEFFICIENT (CONSTANT) = 0.75 
2 .  LUBRICANT: HELIUM-XENON MIXTURE (35OOF) 
3 .  (b) R = 18.44 LB F T / O R  
3. AMETENT PRESSURE = 12.6 P S I A  
4. ROTOR SPEED = 36,000 RPM 
@) p = 5.1 x 10-9 REYNS 
2.25 KW, POWER LEVEL 
PREDICPED THRUST BEARING PERFORMANCE 
FIGURE 50  
8 4  
15 0 
125 - 
5 100-  
E 
. * 
w u  
HC4 
w 4  
w 
n d  
u 7 5  - 
$2 z s  
w 
E-r cn 






0 0 . 0602 0 . Ob04 0 . 0006 0 . 0008 
MINmUM FILM THICKNESS, IN. 
NOTES : 
1. ORIFICE DISCHARGE COEFFICIENT: 0 . 7 5  
2 .  LUBRICANT: HELIUM-XENON MIXTURE (35OOP) 
= 5 . 1  x loo9 REYNS (a) (b) 
R = 18.44 LB FT/OR 
3 .  AMBIENT PRESSURE 42.6 PSIA 
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10.5 KW, POWER LEVEL 
PREDICTED THRUST BEARING PERFORMANCE 
FIGURE 51 
85 
FILM THICKNESS-INCHES X lo4 
PREDICTED POWER LOSS 
BRU S T E P  SECTORED THRUST PLATE 
FIGURJ 5 2  






( 2 )  S t e p  Depth and Angular  Span - Both s t e p - a n g l e  and 
recess d e p t h  were chosen t o  p rov ide  optimum b e a r i n g  
performance a t  t h e  maximum t h r u s t - l o a d  o p e r a t i n g  
c o n d i t i o n ,  31  l b  a t  4 2 . 6  p s i a .  
F i g u r e  53 p r e s e n t s  l o a d  and load-to-power-consumption 
r a t i o  ve r sus  s t e p - a n g l e ,  based  upon a c o n s t a n t  s t e p  
d e p t h  of  0.0005 i n .  The maximum l o a d  c a p a c i t y  o c c u r s  
a t  an a n g l e  of  1 4  deg,  w h i l e  maximum b e a r i n g  e f f i c i e n c y ,  
as p r e v i o u s l y  d e f i n e d ,  occurs a t  a s t e p - a n g l e  o f  18  deg. 
The 15-deg s t e p - a n g l e  w a s  chosen t o  r e f l e c t  n e a r  o p t i -  
m i m  of  b o t h  performance c r i t e r i a .  
F i g u r e  54 p r e s e n t s  b e a r i n g  performance w i t h  t h e  15-deg 
s t e p  a n g l e  and w i t h  s t e p  dep th  t h e  v a r i a b l e .  The maxi- 
mum i n  t h r u s t  l o a d  i n  t h i s  case co r re sponds  t o  a s t e p -  
d e p t h  o f  0.00045 i n . ,  and t h a t  i n  b e a r i n g  e f f i c i e n c y  
occurs a t  abou t  0 . 0 0 0 6  i n .  The 0 . 0 0 0 5  t o  0 . 0 0 0 6 - i n .  
r ange  w a s ,  t h e r e f o r e ,  s i m i l a r l y  s e l e c t e d  t o  p r o v i d e  
n e a r  optimum of  b o t h  c r i t e r i a .  
F i g u r e  5 5  p r e s e n t s  t h e  i n f l u e n c e  o f  s t ep -dep th  upon 
b e a r i n g  performance a t  t h e  25-psia  ambient  c o n d i t i o n .  
The maxima i n  l o a d  and b e a r i n g  e f f i c i e n c y  are observed  
t o  o c c u r  a t  a g r e a t e r  s t ep -dep th  t h a n  t h e  42.6-psia  
ambient c o n d i t i o n .  These maxima are n o t  as  s h a r p  a t  
25 p s i a ,  however, and t h e  s e l e c t e d  0.0005- t o  0 . 0 0 0 6 -  
i n .  s t e p  r ange  does  n o t  s e r i o u s l y  compromise t h e  maxi- 
mum o b t a i n a b l e  b e a r i n g  performance a t  t h i s  o p e r a t i n g  




1. OUTER R A D I U S  = 1.75 I N .  
3. V I S C O S I T Y  = 5 X IO-' REYNS 
4 .  AMBIENT PRESSURE = 42.6 
5 .  36,000 RPM 
2.  INNER RADIUS = 1.05 IN. 
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FIGURE 53 





1 .  OUTER RADIUS = 1.75 I N .  
2 .  INNER RADIUS = 1.02 I N .  
3 .  V I S C O S I T Y  5 X 10 
REYNS 
4 .  AMBIENT PRESSURE = 42 .6  
P S I A  
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STEPPED SECTION THRUST BEARING 
OPTIMIZATION STUDY, 42.6 P S I A  
STEP DEPTH PARAMETER 






1. BEARING OUTER RADIUS = 1.75 I N .  
4 .  36,000 RPM 
2 .  INNER RADIUS = 1.05 I N .  
3 .  VISCOSITY c1 = 5 x REYNS 
PAD S T E P  DEPTH ( I N . )  
S T E P  DEPTH OPTIMIZATION 
STUDY AT 25 P S I A  AMBIENT, 
,00075 MIN.  FILM, 9 PADS 
FIGURE 55 
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(b) Discussion of Compressibility Effects 
In a manner analogous to journal bearings, a compressibility 
number, A L ,  may be associated with the stepped-sector thrust 
bearing, where 
p = lubricant viscosity, 
il = slider angular velocity, rad/sec 
R = bearing outer radius, in. 
Pa = ambient pressure, psia 
A =  step recess depth, in. 
Figure 56 presents the dimensionless load capacity of the 
subject geometry bearing as a function of ACtfor constant 
compression ratios. The compression ratio is defined as the 
ratio of film thickness at the recess region to minimum film 
thickness. Also plotted are corresponding load character- 
istics for the incompressible bearing. 
It is observed that the compressible film bearing exhibits a 
uniformly higher load capacity with the compression ratios 
presented to AAtvalues exceeding 100. 
in load capacity with a compressible lubricant was also ob- 
served by Ausman", and contrasts the corresponding influence 
This same improvement 
*Amman, J.S., "An approximate Analytical Solution for Self-Acting Gas 
Lubrication of Stepped Sector Thrust Bearings," ASLE Trans., 4 (1961). 
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9 2  
of compressibility for the pivoted-pad journal bearing. In, 
the latter case, the greater dimensionless load capacity for 
a given bearing geometry and compressibility number is always 
exhibited with an incompressible lubricant. 
For th2 subject bearing, the compressibility numbers at three 
ambient pressures and operating speed and temperature are as 
follows, based upon a 0.0005-in. step recess depth: 
Ambient Pressure 
42.6  32 .5  
2 5  
1 2 . 6  
55 .5  
110 
By virtue of the behavior of load with A C ,  the bearing offers 
greatest load capacity at the highest ambient pressure, with 
the other parameters remaining fixed. 
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I 3 .4 .3  Bearing Loss Summary 
The predicted total BRU rotor gas bearing system losses (combined 
rotor windage plus bearing losses) for the anticipated operating power 
output range of 2.25 to 10.5 kwe are shown in Figure 57 for the three 
intended modes of BRU operation as follows: 
I (a) Zero-g space environment 
(b) Terrestrial operation - BRU oriented vertically (turbine 
end up) 
(c) Terrestrial operation - BRU oriented with rotor axis hori- 
zontal to ground 
The total losses can vary by almost 10 percent, depending on mode 
of operation. This is due to (1) heavier load on journal bearings 
I (horizontal operation) and ( 2 )  weight of rotor opposing aerodynamic 
thrust (vertical orientation - terrestrial application). The rotor 
windage losses are a constant for all three cases and predicted to be 
(at steady-state conditions): 
Power Level, Windage Losses, 
W kwe 
10.5 650 
6.0 470  
2.25 360 
The breakdown on the total predicted bearing losses for power 
output levels of 2.25, 6.0, and 10.5 kw (steady-state conditions) is 
I shown in Table 5 for the three modes of operation. 
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0 
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PREDICTED BRU ROTOR GAS 
ZEARING SYSTEM LOSSES 
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TABLE 5 
BEARING LOSS SUMMARY 
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3.4.4 Rotor Dynamics 
3 .4 .4 .1  Rotor  Bea r ing  Cr i t i ca l  Speed A n a l y s i s  
The e l a s t i c  and m a s s  models of t h e  BRU r o t a t i n g  assembly used as 
i n p u t s  t o  a d i g i t a l  computer program are shown ' i n  F i g u r e  58. The 
c r i t i c a l  speeds  ( f i rs t  and second r i g i d  body and bending mode) as w e l l  
as m a x i m u m  p r e d i c t e d  dynamic b e a r i n g  l o a d s  f o r  a 0.0001-in. r o t o r  cg .  
mass e c c e n t r i c i t y  are p l o t t e d  as a f u n c t i o n  of  r o t o r  speed  ( F i g u r e  5 9 ) .  
The f i r s t  c r i t i c a l  speed  i s  a r ig id-body c o n i c a l  mode which o c c u r s  a t  
about  5270 rpm. The second c r i t i c a l  i s  a r ig id-body t r a n s l a t o r y  mode 
a t  approximate ly  5680 rpm. The t h i r d  c r i t i c a l  speed ,  which i s  t h e  
b e n t - s h a f t  mode, i s  p r e d i c t e d  t o  occur  a t  62,950 rpm. None o f  t h e s e  
c r i t i c a l s  o c c u r s  i n  t h e  range  o f  t h e  d e s i g n  o p e r a t i n g  speed (36,000 
rpm) i n c l u d i n g  t h e  2 0  p e r c e n t  overspeed  requi rement  (43,200 rpm). The 
t o t a l  we igh t  o f  t h e  r o t o r  assembly i s  2 1 . 8  pounds and t h e  t o t a l  p o l a r  
moment o f  i n e r t i a  i s  0.0582 i n . - l b - s e c  . 2 
3.4.4.2 O p e r a t i o n  During Launch 
Based on a p r e l i m i n a r y  d e s i g n  s t u d y ,  t h e  BRU,  when s u b j e c t e d  t o  
t h e  launch  environment  o u t l i n e d  i n  NASA S p e c i f i c a t i o n  POO55-1, canno t  
be f u n c t i o n i n g  due t o  l i m i t a t i o n s  imposed by t h e  gas  b e a r i n g s .  The 
pr imary  d e s i g n  c r i t e r i a  i n  s e l e c t i n g  t h e  g a s  b e a r i n g  c o n f i g u r a t i o n  
w a s  based  upon t h e  normal con t inuous -ope ra t ing  c o n d i t i o n s  i n  a zero-  
g r a v i t y  environment .  
and ex t reme v i b r a t i o n ,  cou ld  impose l o a d s  on t h e  BRU t h a t  are cons ide r -  
a b l y  more severe t h a n  t h e  l i m i t i n g  v a l u e s  t h e  b e a r i n g s  w i l l  s u s t a i n  
w h i l e  o p e r a t i n g  i n  t h e  hydrodynamic mode. 
The launch  environment ,  w i t h  t h e  a t t e n d a n t  shock 
However, it i s  a n t i c i p a t e d  t h a t  t h e  BRU would be mounted i n  a 
module c o n t a i n i n g  o t h e r  s y s  t e m  components such as hea t -exchangers  and 
c o n t r o l  systems and t h a t  t h e  module would b e  shock-mounted w i t h  r e s p e c t  
t o  t h e  l aunch  v e h i c l e .  
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3 . 4 . 4 . 3  A l t e r n a t o r  Unbalanced E l e c t r o m a g n e t i c  Forces 
A s  p a r t  o f  t h e  BRU rotor  dynamic a n a l y s e s ,  i t  was n cess I 
d e r i v e  t h e  n a t u r e  and magnitude o f  t h e  a l t e r n a t o r  unbalanced  electro- 
magne t i c  f o r c e s .  Once d e f i n e d ,  t h e  p r e d i c t e d  unbalance  f o r c e s  w e r e  
used as f o r c i n g  f u n c t i o n  i n p u t s  t o  FIRL's n o n l i n e a r ,  t i m e - t r a n s i e n t  
j o u r n a l  b e a r i n g  computer program. The r e s u l t s  o f  t h e  computer 
s t u d i e s  showed r o t o r  dynamic s t a b i l i t y  t o  b e  v i r t u a l l y  i n s e n s i t i v e  
t o  " w o r s t  case" c o n d i t i o n s  of magnet ic  unbalance .  See Appendix I 
f o r  a comple te  d i s c u s s i o n .  
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3 .4 .5  Gas Bear ing  S u b c o n t r a c t u r a l  Analyses  
A i R e s e a r c h , a t  t h e  r e q u e s t  of t h e  NASA, e n l i s t e d  t h e  s u b c o n t r a c t u a l  
s u p p o r t  of t h e  F r a n k l i n  I n s t i t u t e  Research L a b o r a t o r i e s  (FIRL) t o  
accompl ish  t h e  f o l l o w i n g  t a s k s :  
(a )  Confirm t h e  con t r ac to r ' s  c h o i c e  of g a s  b e a r i n g  c o n f i g u r a -  
t i o n s  
I ( b )  U t i l i z e  FIRL's n o n l i n e a r ,  t i m e - t r a n s i e n t  j o u r n a l  and t h r u s t  
b e a r i n g  programs t o  p r e d i c t  BRU r o t o r - g a s  bearing s t a b i l i t y  
under  a v a r i e t y  of o p e r a t i n g  c o n d i t i o n s .  
(c; Make recommendations based  on i n a d e q u a c i e s  found i n  t h e  
per formance  of ( a )  and (b) above. 
The n o n l i n e a r ,  t i m e  t r a n s i e n t ,  j o u r n a l  and t h r u s t  b e a r i n g  computer 
programs are  ex t r eme ly  u s e f u l  too ls  f o r  economica l ly  s t u d y i n g  complex 
s t e a d y - s t a t e  dynamical  mot ions  such  as t h o s e  encountered i n  gas bearing 
machinery ,  When p r o p e r l y  used ,  programs of t h i s  n a t u r e  can be used  as 
"pape r  dynamic s imula to r s "  t o  a c c u r a t e l y  p r e d i c t  r o t o r  s u s p e n s i o n  sys tem 
problem areas. 
Once a p o t e n t i a l  problem h a s  been  uncovered,  t h e  program c a n  t h e n  
be used t o  s t u d y  methods whereby t h e  i n s t a b i l i t y  c a n  be s u c c e s s f u l l y  
c i rcumvented  o r  s u p p r e s s e d .  Such was t h e  n a t u r e  o f  t h i s  program. 
S t u d i e s  conducted  w e l l  i n  advance of ac tua l  dynamic simulator operation 
p r e d i c t e d  s u c c e s s f u l  j o u r n a l  b e a r i n g  o p e r a t i o n  a t  a l l  s t e a d y - s t a t e  
d e s i g n  c o n d i t i o n s .  Analyses  of t h e  t h r u s t  bea r ing /g imba l  assembly 
i n d i c a t e d  a p o t e n t i a l  s t a b i l i t y  problem and t h i s  w a s  encoun te red  i n  
a c t u a l  s i m u l a t o r  t e s t i n g .  
1 0 1  
3.4.5.1 Journal Bearing Analyses 
Figure 60 shows the general outline of the BRU rotor/bearing 
system. The journal bearings are required to operate stably under 
the following imposed conditions: 
0 
0 
Rotor vertical or horizontal 
Terrestrial or zero "g" environment 
With bearing cavity pressure (Pa) specifically as fo 
Corresponding BRU Net Output 









Lubricant - He-Xe (molecular weight = krypton = 8 3 . 8 )  
Rotor design speed - 36,000 rpm 
Rotor mechanical unbalance - 1 x in. cg eccentricity 
in plane of cg and 5 x 10" in. cg eccentricity in plane 
9.0 in. from cg. 
Rotor electromagnetic unbalance forces (see Appendix I 
and Table 1-1) 
Shock load - 2.5 g rectangular pulse for 5 milliseconds. 
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3.4.5.2 Review of AiResearch Steady-State Data 
The AiResearch-selected BRU journal bearing configuration is 
constituted by the following specifications: 
o Number of shoes per bearing = 3 
o Pad wrap angle, ct = 100' 
o Pad length to width ratio, L/D = 0.75 
0 Pivot location = 65' from shoe leading edge 
2 6 f l  R Compressibility parameter, A = A (z) o 
pa 
where Pa = 12.6, 25.1, 42.6 psia 
R = 0.875 in. 
p = 5.1 x Reyns 
fl = 3770  rad/sec 
and A = 1.47,  0 .74,  0.44 
The principal steady-state characteristics are given by plots of mimi- 
mum film thickness vs pad load and minimum film thickness vs pad power 
loss. Figures 61 and 62 are the corresponding AiResearch performance 
curves. Spotted on these figures are checks made by FIRL using the 
Nonlinear Orbit Program. This method of acquiring steady-state data 










1. R = 0.875 I N .  
2 .  C = 0 . 0 0 2 2  I N .  
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I f  t h e  pad i s  s t a b l e  f o r  t h e  p r e s c r i b e d  geometry and i n e r t i a l  pa rame te r ,  
bo th  methods shou ld  g i v e  t h e  same answer.  The check p o i n t s  shown on 
F i g u r e s  6 1  and 62 i n d i c a t e  good agreement .  D i f f e r e n c e s  a re  a t t r i b u -  
t a b l e  t o  p rede te rmined  computer t r u n c a t i o n  errors. 
3 . 4 . 5 . 3  A n a l y t i s a l  Methods (Non l inea r  Time-Transient  Computer Program) 
F i g u r e s  6 3  and 64 show t h e  shoe  l a y o u t  and c o o r d i n a t e  sys tems used  
i n  t h e  dynamical  a n a l y s i s .  
program implementa t ion  of  t h e  a n a l y s i s  a re  g i v e n  i n  Refe rence  5.  
l y ,  t h e  e q u a t i o n s  of  motion f o r  a r i g i d  ro tor  were w r i t t e n  i n  terms of  
t w o  t r a n s l a t i o n  c o o r d i n a t e s ,  x and y ,  which locate t h e  c g  of a p e r f e c t l y  
ba l anced  s h a f t  and t w o  a n g u l a r  c o o r d i n a t e s ,  a1 and a2 ,  which measure 
s h a f t  r o t a t i o n  abou t  t h e  cg.  The s h a f t  a n g u l a r  speed  w was assumed 
c o n s t a n t  and t h e  " z "  t r a n s l a t i o n  of t h e  cg  w a s  n e g l e c t e d .  The ro tor  
unba lance  w a s  r e p r e s e n t e d  as a r o t a t i n g  l o a d  which,  w i t h o u t  t h e  p r e s -  
ence  of t h e  b e a r i n g s ,  would cause  t h e  ro tor  c e n t e r  t o  s p i n  abou t  an  
a x i s  t h rough  t h e  mass c e n t e r  a t  a r a d i u s  e q u a l  t o  t h e  p r e s c r i b e d  un- 
b a l a n c e  cg  e c c e n t r i c i t y .  
The a n a l y t i c a l  f o u n d a t i o n s  and computer 
B r i e f -  
The pad e q u a t i o n s  of motion were w r i t t e n  t o  i n c l u d e  r o t a t i o n  abou t  
t h e  x1 a x i s  ( p i t c h ) ,  r o t a t i o n  abou t  t h e  x2  a x i s  ( r o l l ) ,  and t r a n s l a t i o n  
a l o n g  t h e  x a x i s  f o r  s p r i n g  mounted shoes .  R o t a t i o n  a b o u t  t h e  x3 a x i s  
w a s  n e g l e c t e d ,  t r a n s l a t i o n  i n  t h e  x1 and x2  d i r e c t i o n s  w a s  assumed t o  
be z e r o .  See Appendix B f o r  a summary of t h e  e q u a t i o n s  s o l v e d  by t h e  
Non l inea r  O r b i t  Program. 
3 
The se t  of  e q u a t i o n s  l i s t e d  i n  Appendix B t a k e s  f u l l  accoun t  of 
The implementing computer a l l  geometrical and t i m e  dependent  terms. 
program s o l v e s  t h e  f i n i t e  d i f f e r e n c e  form of t h e s e  e q u a t i o n s  s t a r t i n g  
w i t h  an  a r b i t r a r i l y  assumed set  o f  i n i t i a l  c o n d i t i o n s .  
t h e  dynamic e q u a t i o n s  proceeds  forward  i n  t i m e  u n t i l  a s a t i s f a c t o r y  
s t a t i o n a r y  p e r i o d i c  c o n d i t i o n  i s  ach ieved .  
I n t e g r a t i o n  of  
I t  shou ld  b e  n o t e d  t h a t  t h e  
10 7 
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ROTOR - ' I  
ROTOR COORDINATES USED I N  NON-LINEAR O R B I T  PROGRAM 
F I G U R E  63 
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* 
FOR BEARING N0.2  
c.' 1 
THE SHOES ARE 
NUMBERED 4.5 8 6 
Y 
BEARING AND SHOE COORDINATE SYSTEMS USED I N  NON-LINEAR ORBIT PROGRAM 
FIGURE: 64 
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bearing film forces are - not predicted on assumed stiffness and damping 
coefficient. Rather, they are determined by an accurate solution of 
the Reynolds equation for each time step of the dynamical equation 
integration process. Plots of the time dependent response of all 
degrees of freedom indicate the frequency and amplitude of the system. 
The system was deemed stable if the motions were all bounded and small 
compared to the pivot film thickness. Critical frequencies were 
usually observable as decaying "envelope" frequencies modulating the 
once-per-rev. response. In a stable case, these envelope frequencies 
are usually inadvertently excited by the initial conditions assumed 
for the dynamical equations. 
3.4.5.4 Summary of Cases Analyzed 
Aside from short test cases to check the validity of computer 
program alterations, a total of 15 dynamical situations were investi- 
gated using the Nonlinear Orbit Program. The purpose of these inves- 
tigations was to provide theoretical information on the probable 
performance of the BRU at a selected design point and at several off- 
design conditions. The primary objective of these studies was to 
analyze the bearing/rotor system designed by AiResearch and to provide 
some theoretical insight into the causes of the various rotor and pad 
responses. Thus, some information would be available to guide design 
changes should the initially designed system require modification 
because of unacceptable package performance. Since package performance 
was a systems-integration problem, the final judgement of unacceptable 
performance was to be made by AiResearch. 
design runs was a result of coordination between AiResearch and FIRL. 
The selection of the off- 
Since it was virtually impossible, and certainly impractical, to 
run all possible combinations of potential BRU off-design dynamical 
situations, emphasis was placed on spot checking using "worst case" 
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In all cases investigated the following conditions were held 
constant, (see 3.4.5.1 for additional inputs): 
0 Zero pivot friction 
o Purdy hydrodynamic load support 
0 X2 location of pad cg, p 2  = 0.0 in. (balanced pad) 
o Radial distance from pivot to face of pad, d = 0.42 in. 
o Pad preload spring constant, k = 2000 lb/in. 
0 Pad weight, W' = 0.191 lb 




0 Pad moment of inertia about roll axis, 1; = 1.7 x 10 
in. - lb- sec 2 
Table 6 l is ts  the s i g n i f i c a n t  parameters and gives a b r i e f  
description of each of the 15 journal bearing cases that were 
analyzed. Table 7 presents a listing of the system motion parameters 
as computed by the orbit program. A brief discussion of each case 
study follows: 
(a) Case I represented the dynamical response of the rotor/ 
journal system at the design point. The rotor was vertical, 
the ambient pressure corresponded to the 6 kwe output con- 
dition; the adjusted pad clamped preload (11.0 pounds) was 
assigned to produce "favorable" steady-state pad loads and 
111 
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TABLE 7 
D E T A I L E D  RESULTS OF THE ROtOR/JOURNAL BEARING OVNAMICAL ANALYSIS 
Rotor notions 
O r b i t  in Plane of C. C. 
Uajor A x i a  (micro-inch..) 
Uinor Axla (micro-inches) 
X notion Irequency (WIO 
Y nation Praqucncy (WIO 
Angular Coordinates (micro-radian.) 
Alpha 1 ( -X  Rotation) 
Alpha 2 (+Y Rotation) 
Alpha 1 Frequency (RPU) 
Alpha 2 Frequency (RPU) 
Bearing Output: 
Pitch * 
Shoe 1 - & (micro-radians) 
Shoe 2 - 6* (micro-radians) 
- Frequency (RPU) 
- Frequency (RPU) 
Shoe 3 - 6 (micro-radians) 
4 - Frequency (RPM) 
M .c Roll 
Shoe 1 - y (micra-radians) 
P 
- Frequency (RPU) . 
S h e  2 - I (micro-radians) 
- Frequency (RPU) 
1 
Shoe 3 - I (micro-radians) 
- Frequency (RPU) 
Pivot Translation (Shoe 3) 
ircquencv ( R P H )  
P.tch 
Shoe 1 - 6 (micra-radlans) 
- Frequency (RPIO 
Shoe 2 - 6 (micro-radians) 
Shoe 3 - 6’ (micro-radians) 
- Frequency (RPU) 
N - Frequency (RPU) 
Roll 
Shoe 1 - I* (micro-radiane) 
Shoe 2 - y* (micro-radians) 
s - Frequency (RPU) 
- Frequency (RPH) 
Shoe 3 - yn (micro-radians) 
- Frequency (RPH) 
Pivot Translation (Shoe I) 
- Frequency (RPH) 
Total Bearing Uoments about CC 
Torque a 1 (in.-lb.) 
Torque o. 2 (in.-lb.) 
Torque o 1 Frequency (RPU) 
Torque o 2 Frequency (RPW 
Avg. Pivot Film Thickness (mils) 
Shoe 3. Bearing I 
Shoe 3 .  Bearing 2 
Avg. Steady S t a t e  Load 
(Assuming Uniform Axial Clearance) 
vhir l  
117 110 110 240 c o w .  212 213 286 220 
190 przent 206 204 198 198 99 110 95 
14.100 - - 12.noo - 
7200 5150 7200 - 12,000 7200 6000 7200 - 
6.3 3.8 .6 0 1.11 1.33 50.1 66.8 50.1 
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t h e  ro to r  w a s  a s s i g n e d  a p e s s i m i s t i c  mechanical  unbalance  
t h a t  would e x c i t e  t h e  r o t o r  t r a n s l a t i o n a l  mode. The o r b i t  
program i n d i c a t e d  t h e  sys tem would perform s a t i s f a c t o r i l y .  
( b )  C a s e  I1 w a s  a r e p e a t  of  C a s e  I e x c e p t  t h a t  t h e  a d j u s t e d  pad 
clamped p r e l o a d  w a s  reduced t o  a l e v e l  of  2 . 0  pounds,  a v a l u e  
t h a t  w a s  e x p e c t e d  t o  l e a d  t o  an u n s t a b l e  s i t u a t i o n .  The 
purpose  of t h i s  case w a s  t o  p r o v i d e  a one p o i n t  v e r i f i c a -  
t i o n  of p r e v i o u s l y  deve loped  s t a b i l i t y  c r i t e r i a  (see Fig-  
u r e  4 2 ) .  The o r b i t  program confirmed t h e  p r e d i c t e d  
i n s t a b i l i t y .  
( c )  C a s e  I11 w a s  a c o n t i n u a t i o n  of C a s e  I e x c e p t  t h a t  unbalanced 
e l e c t r o m a g n e t i c  l o a d i n g  w a s  added. Appendix I d e s c r i b e s  
t h e  model assumed f o r  t h i s  l o a d i n g .  Appendix C d e s c r i b e s  
t h e  method used  t o  i n c l u d e  e l e c t r o m a g n e t i c  l o a d i n g  i n  t h e  
o r b i t  program. 
The o r b i t  program i n d i c a t e d  t h a t  t h e  sys tem would be o n l y  
s l i g h t l y  i n f l u e n c e d  w i t h  r e s p e c t  t o  Case I and t h a t  t h e  
mot ions  would remain w e l l  behaved. Th i s  means t h a t  it i s  
a n t i c i p a t e d  t h a t  t h e  unbalanced e l e c t r o m a g n e t i c  l o a d s  w i l l  
have l i t t l e  i n f l u e n c e  on t h e  ro to r  performance.  
( d )  Due t o  changes i n  t h e  A l t e r n a t o r  d e s i g n ,  Case I V  re- 
e s t a b l i s h e d  t h e  b a s e  case (Case I )  by u p d a t i n g  t h e  d e s i g n  
s p e c i f i c a t i o n s  f o r  t h e  r o t o r  i n e r t i a l  p r o p e r t i e s  and 
j o u r n a l  b e a r i n g  s e p a r a t i o n .  
The s p e c i f i c a t i o n  changes w e r e  s m a l l  and t ended  t o  improve 
t h e  dynamical  r e sponse .  Case I V  w a s  c o n s i d e r e d  t h e  b a s e  
case f o r  t h e  d e s i g n  p o i n t  and w a s  used as a b a s i s  f o r  
comparison of  a l l  o t h e r  r u n s .  
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(e )  I n  Case V t h e  ro to r  o r i e n t a t i o n  was t a k e n  as h o r i z o n t a l  
w i t h  a l l  o t h e r  c o n d i t i o n s  t h e  same a s  C a s e  I V .  Dynamical 
mot ions  c o n t i n u e d  t o  be w e l l  behaved. 
( f )  I n  C a s e  V I  t h e  ambient  p r e s s u r e  w a s  changed t o  4 2 . 6  p s i a  
co r re spond ing  t o  t h e  10.5 kwe power l e v e l .  
s t a b i l i t y  d a t a  i n d i c a t e d  t h a t  t h i s  o p e r a t i n g  p o i n t  would 
be closer t o  t h e  w h i r l  t h r e s h o l d  t h a n  t h e  25.1 p s i a  ambient  
p r e s s u r e  base case. 
AiResearch 
The a n a l y s i s  showed t h i s  t o  be t r u e  b u t  n e v e r t h e l e s s ,  t h e  
i n c r e a s e  i n  t h e  magnitude of t h e  sys tem r e s p o n s e  compared 
t o  t h e  b a s e  case w a s  c o n s i d e r e d  n e g l i g i b l e .  
(9)  Case V I 1  w a s  t h e  f i r s t  of s e v e r a l  shock r u n s .  Th i s  r u n  
a t t e m p t e d  t o  s i m u l a t e  t h e  sys tem re sponse  t o  a 2.5-9, 
5 m i l l i s e c o n d  r e c t a n g u l a r  wave shock p u l s e .  The d i r e c t i o n  
of t h e  Ilg" l o a d i n g  w a s  such  t h a t  t h e  s p r i n g  mounted pad 
approached t h e  r o t o r  a l o n g  a l i n e  through i t s  p i v o t  a x i s  
w h i l e  t w o  f i x e d  pads  moved away from t h e  r o t o r ,  i . e . ,  t h e  
p i v o t  s u p p o r t  f rame w a s  a c c e l e r a t e d  "downward" i n  t h e  +Y 
d i r e c t i o n ) .  I n  t h i s  case t h e  spring-mounted shoes  were n o t  
p rov ided  w i t h  a h a r d  s t o p .  
The a n a l y s i s  showed t h a t  w h i l e  t h e  shock w a s  b e i n g  a p p l i e d ,  
t h e  r o t o r  d rove  t h e  s p r i n g  mounted shoes  back u n t i l  t h e  
f i x e d  p i v o t  shoes  became unloaded t o  such  an e x t e n t  t h a t  
" lock-up" o c c u r r e d ,  i . e . ,  t h e  f i l m  t h i c k n e s s  became d i v e r -  
gent - -convergent  c a u s i n g  a n e t  moment abou t  t h e  p i v o t  p o i n t  
t h a t  r o t a t e d  t h e  pad u n t i l  a c o r n e r  of l e a d i n g  edge con- 
t a c t e d  t h e  ro to r .  T h i s  case i n d i c a t e d  t h e  need f o r  a s t i f f  
"back-up" s p r i n g  t o  l i m i t  t h e  t r a v e l  of t h e  s p r i n g  mounted 
shoes .  
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( h )  A l l  p r e v i o u s  cases r e p r e s e n t e d  t h e  m e c h a n i c a l  u n b a l a n c e  as a 
r o t a t i n g  f o r c e  t h a t  would e x c i t e  t h e  ro tor  t r a n s l a t i o n  mode. 
Case VI11 l o c a t e d  t h e  m e c h a n i c a l  u n b a l a n c e  i n  a manner t h a t  
would e x c i t e  b o t h  t h e  c o n i c a l  and  t r a n s l a t i o n a l  r o t o r  modes. 
E l e c t r o m a g n e t i c  u n b a l a n c e  w a s  n o t  i n c l u d e d  i n  t h i s  case.  
From a j o u r n a l  b e a r i n g  a n a l y s i s  s t a n d p o i n t  t h e  s p e c i f i e d  
d e g r e e  o f  m e c h a n i c a l  u n b a l a n c e  r e s u l t e d  i n  s a t i s f a c t o r y  
r e s p o n s e .  
( i )  I n  Case I X  e l e c t r o m a g n e t i c  f o r c e s  were added  t o  Case V I 1 1  
i n  s u c h  a manner  as  t o  i n c r e a s e  t h e  u n b a l a n c e  ro to r  moment. 
T h i s  new f o r c e  d i s t r i b u t i o n  had l i t t l e  i n f l u e n c e  w i t h  
respect t o  t h e  o b s e r v a t i o n s  made f o r  Case V I I I .  
(1) Case X w a s  a r e p e a t  of Case I X  e x c e p t  f o r  a h i g h  a m b i e n t  
p r e s s u r e  (42.6 p s i a )  and  l o w  v i s c o s i t y  ( 3 . 4  x 10'' r e y n s )  . 
T h i s  c o m b i n a t i o n  of o p e r a t i n g  c o n d i t i o n s  m i g h t  b e  a n t i c i -  
p a t e d  d u r i n g  a t h e r m a l  t r a n s i e n t  w h i l e  a t  d e s i g n  s p e e d  
a f t e r  a f a s t  s t a r t .  
The a n a l y s i s  showed t h a t  t h e  s y s t e m  m o t i o n s  were v e r y  
s imi l a r  t o  t h e  r e s p o n s e  o b s e r v e d  f o r  Case V I I I .  
( k )  C a s e  X I  w a s  i n t e n d e d  t o  b e  a r e r u n  of t h e  2.5-g shock  case 
(Case V I I )  e x c e p t  w i t h  a s t i f f  s p r i n g  s t o p  ( 3 0 0 , 0 0 0  l h / i n . )  
t o  l i m i t  t h e  r a d i a l  t r a v e l  o f  t h e  sp r ing -moun ted  s h o e  t o  
0 . 0 0 4  i n .  f rom t h e  clamped p o s i t i o n .  I n  o rde r  t o  t e s t  t h e  
o r b i t  p rogram o p e r a t i o n  a f t e r  a n a l y t i c a l  m o d i f i c a t i o n  a 5.0-g 
l e v e l  s h o c k  w a s  s e l e c t e d  t o  conserve computer  t i m e  ( t h e  
back-up s p r i n g  would b e  engaged  o n e  s h a f t  r e v o l u t i o n  a f t e r  
program s t a r t ) .  
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Q u a l i t a t i v e l y  and q u a n t i t i v e l y  t h e  m o d i f i c a t i o n  looked t o  
be c o r r e c t l y  made b u t  t h e  b e a r i n g  " f a i l e d ' *  when t h e  inboard  
edge ( a b o u t  50  d e g r e e s  from t h e  l e a d i n g  edge)  of t h e  com- 
p r e s s o r  end  spring-mounted shoe touched t h e  ro tor .  
case i s  r e p o r t e d  as Case XI-A.  
Th i s  
Case XI-B w a s  r u n  t o  i n s u r e  t h a t  t h e  t i m e  s t e p  used i n  t h e  
dynamics e q u a t i o n  i n t e g r a t i o n  w a s  s m a l l  enough t o  a d e q u a t e l y  
r e p r e s e n t  t h e  squeeze  f i l m  f o r c e s .  The r e s u l t s  o f  t h i s  r u n  
i n d i c a t e d  t h a t  a s m a l l  t i m e  s t e p  tended  t o  ampl i fy  t h e  peak 
of t h e  force re sponse  b u t  d i d  n o t  keep t h e  shoe from con- 
t a c t i n g  t h e  r o t o r .  N e v e r t h e l e s s ,  t h e  c o n c l u s i o n s  of C a s e  
XI-A w e r e  shown t o  be  v a l i d .  
Several a s p e c t s  o f  t h e  s o l u t i o n  approach cou ld  e f f e c t  t h e  
accu racy  of  t h i s  r e s u l t .  Among them i s  t h e  r e l a t i o n  between 
t h e  tilt a n g l e  ( i n  r o l l )  t h e  shoe makes w i t h  t h e  r o t o r  end ,  
(a )  t h e  g r i d  s i z e  used;  (b )  t h e  t i m e  s t e p  used i n  ex t r apo-  
l a t i n g  t h e  a c c e l e r a t i o n s  t o  v e l o c i t i e s  and v e l o c i t i e s  t o  
d i sp l acemen t s .  T o  t h e  p o i n t  where t h e  f i l m  t h i c k n e s s  be- 
comes unaccep tab ly  s m a l l ,  ( less t h a n  0 . 0 0 0 2  i n . )  t h e  a n a l y s i s  
a p p e a r s  t o  be va l id .  
Cases X I - C ,  XI -D and XI-E r e p r e s e n t i n g  47 3-and 2-g shock 
l e v e l s  w e r e  r u n  t o  de termine  t h e  l i m i t a t i o n  o f  t h e  j o u r n a l  
b e a r i n g s  t o  shock l o a d i n g .  The purpose of  t h e s e  r u n s  w a s  t o  
obse rve  t h e  r e sponse  of  t h e  r o t o r  as it rebounded from t h e  
back-up s p r i n g  f o r  approximate ly  2 s h a f t  r e v o l u t i o n s  as a 
program t e s t  case and t h e n  t o  run  t o  2.5-g, 5 m i l l i s e c o n d  
tA case i s  s a i d  t o  " f a i l "  when t h e  i n t e g r a t e d  dynamics e q u a t i o n  f o r  t h e  
n e x t  t i m e  s t e p  r e s u l t s  i n  a s e t  of  v a l u e s  f o r  t h e  system c o o r d i n a t e s  
such  t h a t  t h e r e  i s  a p o i n t  on t h e  b e a r i n g  w i t h  a z e r o  o r  n e g a t i v e  
c l e a r a n c e .  
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s h o c k  case u n t i l  a s t e a d y - s t a t e  c o n d i t i o n  w a s  a c h i e v e d .  The 
l a t t e r  case w a s  n o t  r u n  b e c a u s e  a l l  shock  l e v e l s  t e s t e d  
r e s u l t e d  i n  e s s e n t i a l l y  t h e  same r e s p o n s e ,  namely " f a i l u r e "  
o c c u r r e d  when o n e  o f  t h e  sp r ing -moun ted  s h o e s  t o u c h e d  t h e  
r o t o r  a t  a p o i n t  a l o n g  a n  e d g e .  A c a r e f u l  a n a l y s i s  o f  a l l  
t h e  s h o c k  cases t h a t  were r u n  i n d i c a t e d  t h e  f o l l o w i n g :  
The back-up s p r i n g  of  one  o f  t h e  b e a r i n g s  w a s  a l w a y s  
e n c o u n t e r e d  a n  i n s t a n t  b e f o r e  t h e  o t h e r .  T h i s  w a s  
b e c a u s e  t h e  ro to r  r a n  w i t h  a s l i g h t  " i n c l i n a t i o n "  and  
w i t h  a s m a l l  component o f  conical  m o t i o n .  S h o r t l y  
a f t e r  t h e  f i r s t  s t i f f  back-up s p r i n g  w a s  e n c o u n t e r e d  
t h e  r o t o r  a n g u l a r  c o o r d i n a t e  c1 s u f f e r e d  a n  a b r u p t  
c h a n g e .  An i n s t a n t  l a t e r ,  when t h e  s e c o n d  back-up 
s p r i n g  w a s  e n c o u n t e r e d ,  t h e  r o t o r  a n g u l a r  c o o r d i n a t e  t i2 
a g a i n  a b r u p t l y  changed .  Because  t h e  r o l l  s t i f f n e s s  was 
i n i t i a l l y  n e a r  zero  ( c o r r e s p o n d i n g  t o  an  a lmost  u n i f o r m  
a x i a l  c l e a r a n c e ) ,  t h e  pad  c o u l d  n o t  f o l l o w  t h e  ro to r  
i n  p h a s e .  By t h e  t i m e  t h e  pad  had  r e s p o n d e d  t o  t h e  
f i r s t  c h a n g e  i n  ci2 t h e  ro tor  w a s  r o t a t i n g  i n t o  t h e  
r o l l e d  pad and  t h e  m o t i o n s  became o u t  o f  p h a s e .  T h i s  
r e s u l t e d  i n  c o n t a c t  a t  a p o i n t  a long t h e  s i d e  e d g e  o f  
t h e  p a d .  
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Case XI-E w a s  t h e  l a s t  o r b i t  case r u n  u n d e r  t h e  a n a l y s i s .  
An a n a l y t i c a l  ' ' c u r e "  f o r  improv ing  t h e  shock  r e s p o n s e  
c h a r a c t e r i s t i c s  o f  t h e  j o u r n a l  b e a r i n g  w a s  n o t  d e t e r m i n e d  
u n d e r  t h i s  c o n t r a c t .  N o  d o u b t  t h e  s y s t e m  c a n  be made more 
amenable  t o  s h o c k  l o a d i n g .  One p o s s i b i l i t y  i s  t h a t  t h e  s y s -  
t e m ,  as d e s i g n e d ,  a l r e a d y  h a s  a h i g h e r  shock  l o a d  t o l e r a n c e  
t h a n  w a s  i n d i c a t e d  b y  t h e  o r b i t  a n a l y s i s .  T h i s  i s  b e c a u s e  
t h e  "worst  case" s i t u a t i o n  o f  z e r o  p i v o t  f r i c t i o n  w a s  
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assumed in the orbit analysis and it may very well be that 
there is enough pivot friction in the conforming pivot design 
to prevent the pad and the rotor from becoming drastically 
out of phase when the rotor undergoes high frequency changes 
in the a2 coordinate. An analytical pivot function analysis 
is presented in Appendix D. 
Because of the conservative nature of the shock aspect of 
the analysis, the results are not sufficiently conclusive 
to dictate changes to the system. Further investigation is 
thus required to define shock capability limitations. 
Journal Bearinq Pad Resonant Frequencies 
In order to operate the rotor/bearing system under stable condi- 
tions, it is important that the resonant frequencies of the components 
of the system do not fall within the system's operating speed range. 
The tilting pads of the BRU were investigated to determine their 
resonant frequencies in both pitch and roll. Both flexibly and rigidly 
mounted pads were studied over a range of loads and ambient pressure. 
To determine the pad resonances, the Non-linear Orbit Program was 
modified to prescribe the radius and frequency of the shaft orbit and 
the distance from the orbit center to the pivot of a single shoe. The 
pad was initially disturbed in pitch and in roll and allowed to oscil- 
late. The frequencies were computed by measuring the periods of the 
oscillation. 
Figure 65 shows the pitch, roll and radial translation natural 
frequencies versus pivot film thickness (h ) .  Note that at a pivot P 
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NATURAL FREQUENCY VS. P I V O T  FILM THICKNESS 
F I G U R E  65 
1 2 0  
f i l m  t h i c k n e s s  of  a b o u t  0 . 7 9  m i l s  t h e  n a t u r a l  f r equency  i n  r o l l  i s  
abou t  e q u a l  t o  t h e  d e s i g n  speed  and t h a t  a s imi l a r  c o n d i t i o n  would 
e x i s t  i n  p i t c h  f o r  a p i v o t  f i l m  t h i c k n e s s  of  abou t  0 . 9 4  m i l s .  
d e s i g n  p o i n t  f i l m  t h i c k n e s s  of  0.6 m i l s  t h e  r o l l  and p i t c h  n a t u r a l  
f r e q u e n c i e s  are  51,000 and 6 2 , 0 0 0  cpm r e s p e c t i v e l y .  
A t  t h e  
The r u n s  f o r  t h e  flex-mounted shoe i n d i c a t e d  t h a t :  
( a )  The r o l l  f requency  v e r s u s  p i v o t  f i l m  t h i c k n e s s  w a s  
e s s e n t i a l l y  t h e  same a s  t h e  f i x e d  p i v o t  shoe  
(b) The r a d i a l  t r a n s l a t i o n  f requency  w a s  h i g h e r  t h a n  t h e  p i t c h  
f r equency  o f  t h e  f i x e d  shoe  (130,000 cpm a t  h = 0.5 m i l s )  
P 
( c )  The r a d i a l  t r a n s l a t i o n  f requency  showed up as  t h e  s t r o n g e s t  
p i t c h  component f r equency ,  e . g . ,  130,000 cpm a t  h = 0 . 5  m i l s  
P 
(d) A t  l eas t  one o t h e r  p i t c h  f requency  component w a s  p r e s e n t  
which w a s  p robab ly  t h e  same p i t c h  f requency  observed  f o r  t h e  
f i x e d  p i v o t  shoe .  
F i g u r e  66 shows t h e  s a m e  n a t u r a l  f r e q u e n c i e s  p l o t t e d  a g a i n s t  t h e  
ambient  p r e s s u r e .  Once a g a i n ,  t h e r e  are no a n t i c i p a t e d  d i f f i c u l t i e s  
f o r  t h e  u n i t  o p e r a t i n g  under  d e s i g n  c o n d i t i o n s .  Note t h a t  t h e  r e s o n a n t  
f requency  i n  r o l l  a t  a n  ambient  p r e s s u r e  of 25.1 p s i a  and a p i v o t  f i l m  
t h i c k n e s s  of  0 .79  m i l s  would be e q u a l  t o  t h e  d e s i g n  speed  of  36,000 rpm. 
A s i m i l a r  c o n d i t i o n  would e x i s t  fo r  t h e  p i t c h  r e s o n a n t  f r equency  a t  a 
p i v o t  f i l m  t h i c k n e s s  of  0 . 9 3  m i l s .  A t  t h e  d e s i g n  p i v o t  f i l m  t h i c k n e s s  
of  0 .6  m i l s ,  t h e  r o l l ,  p i t c h ,  and r a d i a l  t r a n s l a t i o n  c r i t i c a l  f r equency  
are 51,500,  62,000,  and 120,000 cpm r e s p e c t i v e l y .  
1 2 1  
AMBIENT PRESSURE, Pa ( PSIA) 
NATURAL FREQUENCY VS. AMBIENT PRESSURE 
FIGURE 66 
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~ 3.4.5.6 T h r u s t  Bear ing  Ana lys i s  
I The o b j e c t i v e s  of t h e  t h r u s t  b e a r i n g  a n a l y s i s  w e r e  as fo l lows :  
T o  compare S p i r a l  Goove and Rayleigh S t e p  t h r u s t  b e a r i n g s  
and recommend a c o n f i g u r a t i o n  f o r  t h e  BRU a p p l i c a t i o n  
Ob ta in  s t e a d y - s t a t e  performance c h a r a c t e r i s t i c s  o f  t h e  
s e l e c t e d  b e a r i n g  c o n f i g u r a t i o n  and v e r i f y  p r e d i c t e d  pe r -  
formance gene ra t ed  by AiResearch 
P r e d i c t  dynamic performance of t h e  t h r u s t  b e a r i n g  and mount 
assembly us ing  a modi f ied  F I R L  Non-Linear T i m e  T r a n s i e n t  
computer program. 
Two b a s i c  t y p e s  of  t h r u s t  b e a r i n g s  are used i n  gas  b e a r i n g  
turbomachinery,  t h e  S p i r a l  Groove and Rayleigh S tep .  Both have high 
load  c a p a c i t y  p e r  u n i t  of  p r o j e c t e d  area and,  as a consequence of 
t h i c k e r  l u b r i c a t i n g  f i l m s ,  t h e  power l o s s  g e n e r a t e d  i s  r e l a t i v e l y  
small. 
P r e l i m i n a r y  a n a l y s i s  f o r  comparat ive purposes  w a s  gene ra t ed  
u s i n g  t h e  well-known d a t a  provided  by References  6 ,  7 ,  and 8 .  Exten- 
s i v e  and more p r e c i s e  i n f o r m a t i o n  f o r  t h e  s e l e c t e d  c o n f i g u r a t i o n  w a s  
p rovided  by a s p e c i a l i z e d  a n a l y s i s  formula ted  by F I R L  cove r ing  both  
s t e a d y - s t a t e  and dynamic a s p e c t s .  The d a t a  shown i n  Table  8 comprised 
t h e  AiResearch-suppl ied d e s i g n  c o n d i t i o n s .  The a n t i c i p a t e d  BRU t h r u s t  
l o a d s  shown are n e t  aerodynamic ( i n  a ze ro  I'g" environment)  l o a d s .  
S t e p  and S p i r a l  Groove b e a r i n g  c o n f i g u r a t i o n s  were ana lyzed  a t  
t h e  maximum load  c o n d i t i o n  and t h e  normal d e s i g n  c o n d i t i o n .  The 
t h r u s t  load and ambient  p r e s s u r e s  and cor responding  power l e v e l s  are 
i n d i c a t e d  i n  Table  8. 
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TABLE 8 
THRUST BEARING PROFILE LOAD 
T h r u s t  Bear ing  Cav i ty  
Power Level  T h r u s t  Load Ambient P r e s s u r e  
(kw_ 1 ( l b s )  ( p s i a )  T h r u s t  D i r e c t i o n  
b 
1 0 . 5  31  4 2 . 6  Towards Turb ine  
6 . 0  18  
2.25 9 
25.1 
1 2 . 6  
Towards Turb ine  
Towards Turb ine  
Rotor w e i g h t ,  2 1 . 8  pounds. 
T h r u s t  Load Ambient P r e s s u r e  C o n f i g u r a t i o n  P o w e r  Level  
I 1 0 . 5  kwe 3 1  l b s .  4 2 . 6  p s i a  
I1 6 . 0  kwe 18 l b s .  25.1 p s i a  
Both t y p e  b e a r i n g s  w e r e  op t imized  f o r  l o a d  c a p a c i t y  a t  each  of 
t h e  c o n d i t i o n s  s t a t e d  above. Load v e r s u s  f i l m  t h i c k n e s s  and power 
v e r s u s  f i l m  t h i c k n e s s  performance maps w e r e  o b t a i n e d  f o r  each  b e a r i n g  
and p r e l o a d e d  p a i r .  
Rayle igh  S t e p  Bear ing  
For  pu rposes  of t h e  compara t ive  s t u d i e s  t h e  Rayle igh  S t e p  bea r -  
i n g  w a s  ana lyzed  u s i n g  Reference  6 .  
o p t i m i z i n g  performance a t  t h e  t w o  o p e r a t i n g  c o n d i t i o n s  s t a t e d  above 
w e r e  as  f o l l o w s :  (see F i g u r e  67 f o r  nomencla ture)  
The geomet r i c  pa rame te r s  f o r  
R - A - T C o n f i g u r a t i o n  Power Level n_ Y - 
I 10 .5  kwe 9 4 0 °  17.6O 0.709 1.85 i n c h e s  
I1 6 . 0  kwe 9 40° 1 7 . 6 O  0.925 1.85 i n c h e s  
1 2 4  
AMBIENT 
WESSURE AT INLET 
MOTION OF FLAT !*- SURFACE 
'AMBIENT 
STEPPED PAD CONFIGURATION 
PRESSURE AT o u n u  
STEPPED P A 0  CONFIGURATION 
RADIUS RATIO b = r/R 
STEP RATIO r) = T / y  
NUMBER OF SECTORS = n  
COMPRESSION RATIO Q = (A + h2)/h2 = 1 + A/h2 




Min. Power Power  
Power  Level  T h r u s t  Load Clearance S i n g l e  B r g .  P re loaded  
C o n f i g u r a t i o n  kw l b s .  -2 ( h  ) m i l s  w a t t s  P a i r  wat t s  
I 10.5* 31 0 . 7 0 9  1 4 9  180 
I 6 . 0  1 8  0 . 9 5  115 1 4 6  
I1 1 0 . 5  31 0 .65  175 2 0 0  
I1 6.0*  18 0.93 1 1 4  1 4 6  
*Conf igu ra t ion  op t imized  a t  t h i s  c o n d i t i o n .  
I n  computing o f f - d e s i g n  performance f o r  each  of t h e  above bea r -  
i n g s  by u s i n g  t h e  p rocedure  d e s c r i b e d  i n  Reference  5 ,  t h e  v a l u e  of thc 
c o m p r e s s i b i l i t y  A '  i s  assumed c o n s t a n t .  T h i s  pa rame te r  i s  i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  f a c t o r  Pah2. 
change i s  accompanied by a change i n  ambient  p r e s s u r e  pa so t h a t ,  a t  
f i r s t  g l a n c e  i t  would appea r  t h a t  A '  would change.  However, t h e  
v a r i a t i o n  i n  pa i s  compensated f o r  by t h e  change i n  h 2 ,  so  t h a t  i n  
f a c t  t h e  v a l u e  of  A '  changes o n l y  s l i g h t l y  and t h e s e  above r e s u l t s  arc 
e s s e n t i a l l y  correct.  
2 I n  t h e  ac tua l  s i t u a t i o n  a load  
S p i r a l  Groove Bear ing  
For  t h e  purpose  of compara t ive  s t u d i e s  t h e  s p i r a l  groove b e a r i n g  
w a s  ana lyzed  u s i n g  References  7 and 8 . *  The geomet r i c  pa rame te r s  f o r  
o p t i m i z i n g  performance a t  t h e  t w o  power l e v e l s  w e r e  as f o l l o w s :  (see 
F i g u r e  68 f o r  nomencla ture)  
*Reference 8 a c c o u n t s  f o r  edge e f f e c t s  i n  de t e rmin ing  power l o s s ,  and 
i s  c o n s i d e r e d  more a c c u r a t e  t h a n  Reference  7 i n  t h i s  r e s p e c t .  Refer-  
ence  7 i s  p robab ly  more a c c u r a t e  f o r  e s t a b l i s h i n g  geomet r i c  pa rame te r  
and f i l m  t h i c k n e s s  s i n c e  it accoun t s  f o r  c o m p r e s s i b i l i t y  e f f e c t s .  
1 2 6  
-- 
I 
SPIRAL GROOVE CONFIGURATION 
8 NOMENCLATURE 
SPIRAL GROOVE CONFIGURATION AND NOMENCLATURE 
FIGURE 68 
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e ,?(Ref. 7) L(Ref. 8) - M 1 - Power Level 
10.5 kwe 0.716 0.64 71.4" 2.5 mils (3.42 mils) 
6. 0 kwe 0.716 0.64 71.4" 3.25 mils (4.53 mils) 
The predicted performance of the spiral groove thrust bearing is 
as follows (quantities in paranthesis are based on Reference 8): 
Power Power Min. 
P o w e r  Level Thrust Load Film Thickness Single Brg. Preloaded Pair 
(kw ) ( Ibs 1 (mils) (watts) (watts) 
____e- 
123 (145) 
6.0 1 8  1.00 8 2  ( 9 8 )  1 0 8  (124) 
1 0 . 5  31 0 . 7 2  100 ( 1 2 2 )  1 2 6  (150) 
6 . 0 "  1 8  1 . 0 3  75 ( 9 5 )  1 0 2  ( 1 2 2 )  
10.5* 31 0.793 9 8  (120) 
*Configuration optimized at this condition. 
Again, on the basis of minimum film thickness and power loss 
I levels, optimizing at the 10.5 kwe condition produces more attractive 
I 
results. 
I Comparison of Predicted Performance 
Based on the analysis performed and presented above f o r  optimiza. 
tion at the 10.5 kwe power level a comparison of the Raleigh Step and 
Spiral Groove bearings for film thickness and power loss indicated tht 
I following: 
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FIin. F i l m  Thickness  
a t  31 l b s .  ( m i l s )  
Power Loss of Pre-Loaded 
P a i r  ( w a t t s )  
Rayleigh Step  
0 . 7 1  
180 
S p i r a l  Groove 
0.79 
145 
There w a s  no s i g n i f i c a n t  d i f f e r e n c e  i n  minimum clearance b u t  f o r  
this s i z e  t h e  s p i r a l  grooves appeared t o  have an advantage w i t h  r e s p e c t  
t o  power loss. 
Addi t iona l  S e l e c t i o n  Cons ide ra t ions  
There w e r e  a number of a d d i t i o n a l  f a c t o r s  t h a t  a f f e c t e d  o v e r a l l  
performance of t h e  t h r u s t  bea r ing  and consequent ly  in f luenced  t h e  
s e l e c t i o n .  These are q u a l i t a t i v e l y  d i scussed  below: 
Thermal d i s t o r t i o n s  of t h e  t h r u s t  s u r f a c e s  can a l t e r  t h e  
c l e a r a n c e  d i s t r i b u t i o n  f o r  both bea r ings  (Reference 9 ) .  The 
d e t r i m e n t a l  e f f e c t s  of thermal  d i s t o r t i o n  w i l l  probably be 
more pronounced f o r  t h e  s p i r a l  groove bea r ing  than  f o r  t h e  
s t e p  b e a r i n g ,  because it a f f e c t s  t h e  source  of i t s  advantage,  
namely, t h e  q u a n t i t y  of f l u i d  being pumped inward by t h e  
s p i r a l  grooves.  
With r ega rd  t o  h y d r o s t a t i c  l i f t - o f f ,  t h e  s t e p  bea r ing  should 
be s u p e r i o r .  The l i m i t e d  space a v a i l a b l e  i n  t h e  S p i r a l  
Groove bea r ing  does n o t  a l low e f f e c t i v e  e x t e r n a l  f l u i d  
i n t r o d u c t i o n .  
For r e s i s t i n g  shock load ,  t h e  g r e a t e r  land  area of t h e  s t e p  
bea r ing  w i l l  produce b e t t e r  squeeze-f i lm a c t i o n  and t h u s  
s u p e r i o r  shock performance. 
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3.4 .5 .7  
The 
I f  t h e  o u t s i d e  r a d i u s  of t h e  b e a r i n g  s e l e c t e d  d u r i n g  
p r e l i m i n a r y  d e s i g n  w a s  r e d u c e d  ( a  d i s t i n c t  p o s s i b i l i t y )  , 
t h e r e  would b e  a g r e a t e r  r e d u c t i o n  i n  p o d e r  loss f o r  t h e  
s t e p  b e a r i n g  t h a n  f o r  t h e  S p i r a l  Groove b e a r i n g .  
A l though  n o t  c o n s i d e r e d  n e c e s s a r y  a t  t h i s  t i m e ,  a n  improve-  
ment i n  s t e p - b e a r i n g  p e r f o r m a n c e  c a n  b e  r e a l i z e d  by k e e p i n g  
t h e  s t e p  w i t h i n  t h e  c o n f i n e s  of t h e  i n n e r  and  o u t e r  c i r cum-  
f e r e n c e ,  and  r e d u c e  t h e  s i d e  l e a k a g e .  T h i s  w i l l  r e s u l t  i n  
i n c r e a s e d  l o a d  c a p a c i t y  w i t h  c o n s e q u e n t  r e d u c t i o n  i n  power 
losses p e r  pound o f  t h r u s t  l o a d  comparab le  t o  t h e  s p i r a l  
g r o o v e  b e a r i n g .  The added  c o m p l e x i t y  i n v o l v e d  i n  t h e  s p i r a l  
groove m a n u f a c t u r e ;  however ,  i s  n o t  w a r r a n t e d  a t  t h i s  t i m e  
s i n c e  t h e  step bea r ing  has s u f f i c i e n t  s t e a d y - s t a t e  l o a d  
c a p a c i t y  a t  a f i l m  t h i c k n e s s  c o m p a t i b l e  w i t h  l o w  l o s s e s .  
T h r u s t  B e a r i n g  C o n f i g u r a t i o n  S e l e c t i o n  
R a y l e i g h  S tep  and  S p i r a l  Groove t h r u s t  b e a r i n g s  h a v e  b e e n  
shown t o  h a v e  comparable p e r f o r m a n c e .  However,  FIRL, a g r e e s  w i t h  
A i R e s e a r c h  t h a t  t h e  R a y l e i g h  S t e p ,  b e c a u s e  of  i t s  p r i o r  h i s t o r y  of 
s u c c e s s ,  ease o f  m a n u f a c t u r e ,  r e d u c e d  s e n s i t i v i t y  t o  t h e r m a l  d i s t o r -  
t i o n ,  improved  h y d r o s t a t i c  l i f t  o f f  and  s q u e e z e  f i l m  c a p a b i l i t i e s ,  
s h o u l d  be s e l e c t e d  as t h e  r e f e r e n c e  d e s i g n  f o r  t h e  BRU. The o u t s i d e  
r a d i u s  and t o t a l  a x i a l  c l e a r a n c e  w a s  se lected by AiResea rch  s i n c e  
o t h e r  machine  d e s i g n  f a c t o r s  were i n v o l v e d .  A i R e s e a r c h ' s  t h r u s t  
b e a r i n g  o p t i m i z a t i o n  s t u d i e s  i n d i c a t e d  a p r e f e r e n c e  f o r  a t h r u s t  b e a r -  
i n g  o u t s i d e  r a d i u s  o f  1 . 7 5  i n .  
I 
3 . 4 . 5 . 8  T h r u s t  B e a r i n g  D i g i t a l  Computer Program 
The n o n l i n e a r ,  t i m e  t r a n s i e n t  t h r u s t  b e a r i n g  compute r  program i s  
modeled a f t e r  t h e  FIRL j o u r n a l  b e a r i n g  program.  The p rogram combines  
1 3 0  
t h e  t i m e  dependent  Reynolds e q u a t i o n  w i t h  t h e  s h a f t  and b e a r i n g  
e q u a t i o n s  o f  motion t o  produce a t i m e  h i s t o r y  o f  s h a f t  and b e a r i n g  
motions,  f o r c e s  and moments. The governing e q u a t i o n s  are l i s t e d  i n  
Appendix E .  
r i g h t i n g  moment on t h e  s h a f t ,  t h e  s h a f t  response  i s  restricted t o  one 
degree  of  freedom i n  t h e  a x i a l  d i r e c t i o n .  Angular motions o f  t h e  
s h a f t  can b e  s p e c i f i e d  t o  de termine  t h e  e f f e c t s  of c o n i c a l  s h a f t  
motions o r  o f  t h r u s t  s l i d e r  muta t ion  due t o  runou t .  I n  g e n e r a l ,  t h e  
d i g i t a l  computer program can p rov ide  the fo l lowing:  
S ince  the t h r u s t  b e a r i n g  does n o t  produce a s i g n i f i c a n t  
(a )  S t e a d y - s t a t e  hydrodynamic performance of a Raleigh-Step 
m u l t i p l e  pad t h r u s t  bea r ing .  
( b )  S t e a d y - s t a t e  h y d r o s t a t i c  o r  hybr id  performance of a Raleigh-  
Step m u l t i p l e  pad t h r u s t  b e a r i n g  wi th  a s i n g l e  o r i f i c e  f e d  
recess i n  each pad. 
(c) Dynamic performance o f  a gimbal mounted Rayleigh-Step t h r u s t  
b e a r i n g  and s h a f t  s y s  t e m  i n  e i t h e r  h y d r o s t a t i c ,  hydro- 
dynamic, o r  hybr id  mode. 
S t e a d y - s t a t e  performance can be  o b t a i n e d  a c c u r a t e l y  and e f f i -  
c i e n t l y  w i t h  t h i s  program. The approach i s  t o  by-pass t h e  equa t ions  
of motion, and d i f f u s e  t h e  p r e s s u r e  d i s t r i b u t i o n  u n t i l  s a t i s f a c t o r y  
convergence is achieved  between s u c c e s s i v e  t i m e  i n t e r v a l s .  
3.4.5.9 T h r u s t  Bearing/Gimbal Dynamics S t a b i l i t y  Ana lys i s  
F i g u r e  69  i s  a schemat ic  r e p r e s e n t a t i o n  o f  t h e  t h r u s t  b e a r i n g  
s u p p o r t  system. Both t h e  i n n e r  and o u t e r  gimbal r i n g s  move a x i a l l y  
and a n g u l a r l y  about  t h e i r  r e s p e c t i v e  axes  t h u s  a l lowing  f o u r  deg rees  
o f  freedom. The a n a l y t i c a l  s t u d i e s  o f  t h e  selected BRU t h r u s t  bea r ing /  
gimbal s u p p o r t  system proved t o  be  an i n t e r e s t i n g  e x e r c i s e  i n  a p p l i e d  
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THRUST BEARING AND MOUNT - SCHEMATIC REPRESENTATION 
FIGURE 6 9  
1 3 2  
mechanics .  I n i t i a l  case s t u d i e s ,  u s i n g  t h e  n o n - l i n e a r  t i m e  t r a n s i e n t  
t h r u s t  b e a r i n g  computer program, i n d i c a t e d  an unaccep tab le  gimbal 
i n s t a b i l i t y .  T h i s  w a s  ev idenced  by l a r g e  ampl i tude  motions i n  t h e  
a n g u l a r  modes a b o u t  t h e  i n n e r  and o u t e r  gimbal a x e s .  S e v e r a l  months 
l a t e r  AiResearch e x p e r i m e n t a l  r e s u l t s  confirmed t h e  a n a l y t i c a l l y  
p r e d i c t e d  i n s t a b i l i t y .  
H i s t o r i c a l l y ,  t h e r e  fo l lowed  many months of dynamic s t u d i e s  
(some 2 8  comple te  t i m e - t r a n s i e n t  cases) endeavor ing  t o  p r o v i d e  a non- 
damped t h r u s t  bea r ing /g imba l  s u s p e n s i o n  sys tem which would be s tab le  
o v e r  a wide spec t rum o f  BRU o p e r a t i n g  c o n d i t i o n s .  S p e c i f i c a l l y ,  th ree  
d i f f e r e n t  b e a r i n g  s u p p o r t  sys tems were s t u d i e d  and t e s t e d  w i t h  t h e  
f o l l o w i n g  r e s u l t s :  
The o r i g i n a l  A i R e s e a r c h  f l e x u r a l  gimbal ( F i g u r e  7 0 ) ,  w a s  
found t o  be a n a l y t i c a l l y  and e x p e r i m e n t a l l y  p rone  t o  
unaccep tab le  s e l f - e x c i t e d  i n s t a b i l i t i e s .  T h i s  c o n f i g u r a t i o n  
was s t a b i l i z e d  by t h e  a d d i t i o n  of Coulomb s p r i n g  dampers 
( F i g u r e  4 8 ) .  T h i s  i s  t h e  c o n f i g u r a t i o n  u l t i m a t e l y  s h i p p e d  
i n  f o u r  d e l i v e r a b l e  BRU u n i t s .  
A iResea rch ' s  i n t e r i m  pin-gimbal  d e s i g n  ( F i g u r e  7 1 )  proved 
t o  be a satisfactory s o l u t i o n  due t o  t h e  p re sence  of 
Coulomb damping. F I G ' S  s t u d i e s  p r o v i d e d  i n f o r m a t i o n  as t o  
t h e  amounts of damping r e q u i r e d  t o  p r o v i d e  gimbal s t a b i l i t y  . 
A t  NASA's s p e c i f i c  r e q u e s t ,  and i n  a n  e f f o r t  t o  d e l e t e  
r u b b i n g  p a r t s  (Coulomb dampers) a modified d i s p l a c e d  axes  
f l e x u r e  gimbal was i n v e s t i g a t e d .  A computer ized  a n a l y s i s  
(see Appendices F and G )  s p e c i f i c a l l y  adap ted  fo r  e x p e d i t i o u s  
g e n e r a t i o n  of s t a b i l i t y  t h r e s h o l d  p l o t s  (s tep- jump t e c h n i q u e )  
w a s  used  t o  conduct  p a r a m e t r i c  s t u d i e s  of v a r i o u s  combina- 







AiResearch d e s i r e d  t o  m a i n t a i n  a very  l o w  ( 7 0 0  i n . - l b  p e r  
r a d i a n )  t o r s i o n a l  s t i f f n e s s  of t h e  gimbal f l e x u r a l  s u p p o r t s  
t o  f a c i l i t a t e  t h r u s t  b e a r i n g  a l ignmen t  a t  assembly .  T h i s  
r e s u l t e d  i n  t h e  s e l e c t i o n  of  a gimbal ( F i g u r e  7 2 )  t h a t  had 
c o n s i d e r a b l y  i n c r e a s e d  o u t e r  gimbal  i n e r t i a l  p r o p e r t i e s  
when compared t o  t h e  o r i g i n a l  f l e x u r a l  gimbal .  T e s t i n g  a t  
AiResearch i n d i c a t e d  t h a t  t h i s  gimbal w a s  s tab le  f o r  i t s  
" w o r s t  case" d e s i g n  p o i n t s .  However, as t h e  t h r u s t  b e a r i n g  
l o a d  w a s  i n c r e a s e d  t o  a c r i t i c a l  v a l u e ,  t h e  f a m i l i a r  t h r u s t  
bea r ing /g imba l  i n s t a b i l i t y  r eappea red .  The s o u r c e  o f  t h e  
e x c e s s i v e  v i b r a t i o n  w a s  a n a l y t i c a l l y  t r a c e d  t o  i n s u f f i c i e n t  
a x i a l  s t i f f n e s s  o f  t h e  i n n e r  and o u t e r  gimbal r i n g s .  Case 
s t u d i e s  showed t h a t  s t a b i l i t y  would be c o n s i d e r a b l y  enhanced 
by i n c r e a s i n g  t h e  o v e r a l l  gimbal  a x i a l  s t i f f n e s s  by a f a c t o r  
o f  t w c .  However, it w a s  a l so  a n a l y t i c a l l y  demonst ra ted  t h a t  
t h e r e  are d e f i n i t e  t h r u s t  l o a d  l i m i t a t i o n s  above which s t a b l e  
performance canno t  be a s s u r e d .  These subsynchronous v i b r a -  
t i o n s  are p u r e l y  a x i a l  and comple t e ly  a f u n c t i o n  of  t h e  
l u b r i c a n t  f l u i d  f i l m  p r o p e r t i e s  and n o t  t h e  geomet r i c  param- 
e ters  o f  t h e  gimbal  d e s i g n .  
3 .5  Thermal A n a l y s i s  
Although y a s - l u b r i c a t e d  b e a r i n g s  are n o t  new and are  s imple  de- 
v i c e s  i n  c o n c e p t i o n ,  t h e y  canno t  be  t r e a t e d  as s imple  appendages t o  
turbomachinery ,  as may b e  t h e  case f o r  more c o n v e n t i o n a l  t i m e - t e s t e d  
b e a r i n g  t y p e s .  AiResearch has  l e a r n e d  t h a t  i n  o r d e r  t o  e f f e c t i v e l y  
i n t e g r a t e  g a s  b e a r i n g s  i n t o  turbomachinery ,  t h e  d e s i g n  must i n i t i a t e  
w i t h  t h e  b e a r i n g s  s o  t h a t  a l l  i n t e r r e l a t e d  components are made sub- 
s e r v i e n t  t o  t h e  gas b e a r i n g / r o t o r  suspens ion  system. The d e s i g n  must 
be such  t h a t  t h e  b e a r i n g  env i ronmen ta l  i s  a r t i f i c i a l l y  c r e a t e d  t o  
produce ben ign  t h e r m a l  g r a d i e n t s  under  a l l  a n t i c i p a t e d  o p e r a t i n g  con- 
d i t i o n s .  Once l o a d  c a p a c i t y  a d  s t a b i l i t y  c r i t e r i a  have been deter-  
mined, t h e  machine d e s i g n  p rocedure  i s  governed by i t e r a t i v e  the rma l  
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D i g i t a l  computer programs fo r  d e t e r m i n i n g  t r a n s i e n t  and s t e a d y -  
s t a t e  t empera tu re  d i s t r i b u t i o n s ,  h e a t - f l u x  d i s t r i b u t i o n s ,  r e l a t i v e  
thermal  expans ions  and t h e r m a l  stresses were u t i l i z e d  d u r i n g  t h e  
mechanical  d e s i g n  and t h e r m a l  a n a l y s i s  o f  t h e  BRU t o  assist i n  o b t a i n -  
i n g  sys tem c o m p a t i b i l i t y .  I n  a d d i t i o n  t o  g e n e r a l  gu idance  for  t h e  
mechanical  c o n f i g u r a t i o n  of t h e  BRU, t h e s e  a n a l y t i c a l  too ls  e n a b l e d  
t h e  e s t a b l i s h m e n t  o f :  
A l t e r n a t o r  and gas b e a r i n g  c o o l i n g  r equ i r emen t s  
Materials s e l e c t i o n  and c o n f i g u r a t i o n s  for  t h e  b e a r i n g  
mounts and s u p p o r t  s t r u c t u r e  
Material s e l e c t i o n  for t h e  s h a f t  and b e a r i n g  shoes 
Methods f o r  c o n t r o l  of j o u r n a l  d i s t o r t i o n  
Expected  t r a n s i e n t  j o u r n a l  b e a r i n g  load changes d u r i n g  
s t a r t - u p  
Means o f  s h u n t i n g  and i s o l a t i n g  t u r b i n e  h e a t  from t h e  
r ema inde r  of t h e  BRU 
T r a n s i e n t  t i e - b o l t  stress and i n i t i a l  p r e l o a d  
Suppor t  s t r u c t u r e  c o n f i g u r a t i o n  and material  s e l e c t i o n  f o r  
c o n t r o l  of w h e e l - s c r o l l  a x i a l  face c l e a r a n c e s  
S i n c e  i t  w a s  i n t e n d e d  t h a t  t h e  BRU be capab le  of o p e r a t i n g  o v e r  
a b road  power spec t rum (2 .25- to  10 .5  kw,), p a r t i c u l a r  a t t e n t i o n  w a s  
r e q u i r e d  t o  produce a u n i t  r e q u i r i n g  minimal changes t o  c o n v e r t  from 
one power level  t o  a n o t h e r .  Paramount,  of c o u r s e ,  w a s  t h e  r equ i r emen t  
t h a t  no c o n f i g u r a t i o n  changes b e  n e c e s s a r y .  The u n i t  w a s  a n a l y s e d  
u t i l i z i n g  helium-xenon working f l u i d  and t h e n  u s i n g  k r y p t i o n  as a 
p o s s i b l e  a l t e r n a t e  f l u i d .  
3 .5 .1  S teady  S t a t e  Thermal A n a l y s i s  w i t h  Xenon-Helium Working F l u i d  
F i g u r e s  73  through 78 p r e s e n t  t h e  s t e a d y  s t a t e  t e m p e r a t u r e  d i s -  
t r i b u t i o n s  and h e a t  f low p a t h s  th roughou t  t h e  BRU when o p e r a t i n g  a t  
t h e  2.25-, 6 . 0 - ,  and 10.5-kw power l e v e l s .  Machine losses ,  corre- e 
sponding  t o  t h e s e  power l eve l s ,  are t a b u l a t e d  i n  T a b l e  9 .  
The 1 0 . 5  kwe power l e v e l ,  ( t h e  "worst  case" the rma l  c o n d i t i o n )  , 
r e v e a l e d  t h e  f o l l o w i n g  t e m p e r a t u r e s  i n  t h e  c r i t i c a l  r e g i o n s :  
( a )  A maximum gas b e a r i n g  t empera tu re  o f  435'F ( t h r u s t  b e a r i n g )  
( b )  A maximum a l t e r n a t o r  a rma tu re  winding  t empera tu re  of 400'F. 
( c )  The maximum t e m p e r a t u r e  o f  t h e  t i e  b o l t - t o - t u r b i n e  wheel  
connec t ion  i s  below 550'F which e l i m i n a t e s  t h e  l i k e l i h o o d  
of creep. 
U t i l i z i n g  t h e  t e m p e r a t u r e  d i s t r i b u t i o n s  o b t a i n e d  above,  a d i f -  
f e r e n t i a l  t he rma l  expans ion  a n a l y s i s  w a s  performed t o  de t e rmine  
t r a n s i e n t  and s t e a d y  s t a t e  o p e r a t i n g  c o n d i t i o n s .  
3.5.2 T r a n s i e n t  A n a l y s i s  (Xenon-Helium Working F l u i d )  
A s t u d y  w a s  performed on t h e  BRU t o  de te rmine  t h e  e f f e c t s  of 
t r a n s i e n t  o p e r a t i o n  on such  areas as b e a r i n g  loads and c l e a r a n c e s ,  
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froin rest ,  changing  power o u t p u t  l e v e l  o r  s h u t t i n g  down, phenomena 
occur which are n o t  r e v e a l e d  i n  s t e a d y - s t a t e  a n a l y s e s .  A s  t h e  fo l low-  
ing f i g u r e s  r e v e a l ,  no s e r i o u s  problems were encoun te red  i n  t h e  BRU 
due  t o  t r a n s i e n t  phenomena. F i g u r e  7 9 ,  80,  and 81  p r e s e n t  t h e  t r a n -  
s i e n t  and s t e a d y - s t a t e  b e a r i n g  l o a d s  a t  t h e  2 . 2 5 - ,  6 . 0 - ,  and 10.5-kw 
L W K C ~  i c v c l s ,  r e s p e c t i v e l y .  The a n a l y s i s  w a s  performed f o r  r e s i l i e n t  
mount s p r i n g  ra tes  of 2000 and 3000 l b / i n .  Phenomena c o n s i d e r e d  t o  
a f f e c t  t h e  b e a r i n g  loads were s h a f t  c e n t r i f u g a l  growth,  growth of t h e  
s h a f t  due  t o  a p r e s s u r e  load e x e r t e d  by t h e  h i g h e r  expans ion  copper  
the rma l  s h u n t s ,  b e a r i n g  hydrodynamic f i l m  t h i c k n e s s  and s h a f t - t o -  
b e a r i n g  car r ie r  r e l a t i v e  expans ion .  A 10.5-kw s t e a d y - s t a t e  b e a r i n g  
l o a d  of 1 5 . 5  l b  e s t a b l i s h e d  t h e  clamping p r e l o a d  v a l u e s  o f  9 .6  and 
6 . 9  pounds,  r e s p e c t i v e l y ,  f o r  t h e  2 0 0 0  and 3000 l b / i n .  r e s i l i e n t  mount 
cases; t h e s e  p r e l o a d  v a l u e s  were h e l d  c o n s t a n t  f o r  t h e  2.25- and 
I 6.0-kw power l eve ls .  A s  may be  observed  from t h e  t h r e e  F i g u r e s ,  79 ,  
8 0 ,  and 81,  t h e  t r a n s i e n t  e f f e c t s  are very  s m a l l ,  and one p r e l o a d  
s e t t i n g  f o r  t h e  e n t i r e  BRU power range  does n o t  r e s u l t  i n  e x c e s s i v e  i b e a r i n g  l o a d s  o r  l o a d s  too low f o r  s t a b l e  o p e r a t i o n .  I n  a d d i t i o n ,  t h e  
range  of 2000-  t o  3000-lb/ in .  r e s i l i e n t  mount s t i f f n e s s  has  no pro-  
nounced e f f e c t .  
F i g u r e  82 shows t h e  t r a n s i e n t  and s t e a d y - s t a t e  ex t remes  o f  p i v o t  
I f i l m  t h i c k n e s s  o v e r  t h e  2.25- t o  1 0 . 5 - k w  power r ange .  These film 
t h i c k n e s s  v a l u e s  co r re spond  t o  t h e  b e a r i n g  loads p r e s e n t e d  i n  t h e  
p r e v i o u s  t h r e e  f i g u r e s  . 
F i g u r e  83 p r e s e n t s  t h e  t r a n s i e n t  and s t e a d y - s t a t e  p o s i t i o n  of t h e  
s h a f t  c e n t e r  o f  r o t a t i o n  a t  t h e  compressor  and t u r b i n e  j o u r n a l  f o r  t h e  
t h r e e  power levels .  With t h e  s h a f t  s e t  up w i t h  i t s  c e n t e r  0.00175 i n .  
c a r r i e r s ) ,  t h e  s h a f t  p o s i t i o n  a t  s t e a d y - s t a t e  w i l l  be  w i t h i n  0.0002-in.  
of c e n t e r  a t  a l l  power levels .  
I 
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Figure  84 p r e s e n t s  t h e  t r a n s i e n t  and s t e a d y - s t a t e  a x i a l  shroud 
c l e a r a n c e s  f o r  t h e  compressor and t u r b i n e  s c ro l l s  o v e r  t h e  complete 
power range .  For t h e  t u r b i n e  s c r o l l ,  an i n i t i a l  s e t t i n g  of  0 . 0 1 7  i n .  
r e s u l t s  i n  c l e a r a n c e s  w i t h i n  approximate ly  0 . 0 0 1  i n .  of  t h e  des i r ed  
0 . 0 1 0  s t e a d y - s t a t e  runn ing  c l e a r a n c e  a t  a l l  power l e v e l s .  S i m i l a r l y ,  
a compressor s c r o l l  a x i a l  clearance s e t  up a t  approximate ly  0.008 i n .  
r e s u l t s  i n  t h a t  runn ing  c l e a r a n c e  a t  s t e a d y - s t a t e .  
F i g u r e  85 shows t h e  t r a n s i e n t  and s t e a d y - s t a t e  r e l a t i v e  a x i a l  
d i sp l acemen t  between t h e  a l t e r n a t o r  ro tor  and s t a t o r  a t  t h e  main f l u x  
gap. A s  i n d i c a t e d ,  a d i sp lacemen t  of  t h e  r o t o r ,  r e l a t i v e  t o  t h e  
s t a t o r  toward t h e  t u r b i n e ,  of approximate ly  0 . 0 0 6  i n .  o c c u r s .  D i s -  
p lacements  of t h i s  magnitude are  w i t h i n  a c c e p t a b l e  l i m i t s .  However, 
shimming t o  o b t a i n  a l ignment  between t h e s e  p a r t s  i s  r e q u i r e d  f o r  o t h e r  
r e a s o n s .  T h e r e f o r e ,  allowances f o r  t h i s  thermal  s h i f t  are  made d u r i n g  
u n i t  assembly so  t h a t  t h e  a l t e r n a t o r  r o t o r  and s t a t o r  are a l i g n e d  
d u r i n g  s t e a d y - s t a t e  o p e r a t i o n .  
F i g u r e s  86, 87,  and 8 8  p r e s e n t  t h e  t r a n s i e n t  and s t e a d y - s t a t e  
d e f l e c t i o n ,  l o a d ,  and stress,  r e s p e c t i v e l y ,  i n  t h e  r o t a t i n g  assembly 
t i e - b o l t .  An i n i t i a l  s t r e t c h  o f  0.025 i n . ,  a p p l i e d  d u r i n g  assembly ,  
w i l l  l o a d  t h e  t i e - b o l t  t o  8300 l b  and w i l l  i n t r o d u c e  a stress of 
4 9 , 6 0 0  p s i .  Thermal stresses d u r i n g  t h e  "worst-case" 10 .5-kw power 
l e v e l  c o n d i t i o n  i n c r e a s e  t h i s  va lue  t o  a maximum of  6 2 , 5 0 0  p s i  d u r i n g  
t r a n s i e n t  o p e r a t i o n  when t h e  t i e - b o l t  s t r e t c h  i n c r e a s e s  t o  0.032 i n .  
and t h e  l o a d  peaks a t  10,500 l b .  A t  s t e a d y - s t a t e ,  t h e  d e f l e c t i o n ,  
load, and stress reduce  t o  0.023 i n . ,  7500 l b  and 44,800 p s i ,  respec-  
t i v e l y .  Due t o  t h e  l o w  maximum tempera tu re  of t h e  Inco  718 t i e - b o l t - -  
less t h a n  550°F--load r e l a x a t i o n  due t o  c r e e p  d u r i n g  t h e  50,000-hr  
d e s i g n - l i f e  w i l l  be n e g l i g i b l e .  
F i g u r e s  89, 9 0 ,  and 9 1  show t h e  t r a n s i e n t  and s t e a d y - s t a t e  t e m -  
p e r a t u r e s  a t  v a r i o u s  loca t ions  th roughou t  t h e  BRU,  i n c l u d i n g  t h e  





! 2 -  U 
w 
L) 








- 4  - 
m 














0 In 0 
rl Ln CJ CJ ti 
0 0 0 0 
0 0 0 0 






























0 0 0 
e e 4 a 
0 0 0 0 0 
m 0 1  
S3H3NI 'N011L33Td3a 





I I t  
m 
I 
























I n  summary, t h e  r e s u l t s  of t h e  t r a n s i e n t  a n a l y s i s  i n d i c a t e  t h e  
BRU i s  s a t i s f a c t o r i l y  i n s e n s i t i v e  t o  t h e  wide spectrum of the rma l  loads 
p r e s e n t e d  by t h e  b road  o p e r a t i n g  band. A l s o ,  i t  appea r s  t h a t  t h e  BRU 
is a s i n g l e  c o n f i g u r a t i o n  machine which can be  assembled t o  p r e s e l e c t e c  
s e t t i n g s  and o p e r a t e d  o v e r  t h e  d e s i r e d  power range w i t h o u t  t h e  need 
f o r  ad jus tmen t s .  
3 . 5 . 3  S t eady-S ta t e  Thermal Analyses  With Krypton Working F l u i d  
A s t e a d y - s t a t e  t he rma l  a n a l y s i s  o f  t h e  BRU w a s  made u s i n g  k r y p t o n  
gas (molecu la r  we igh t  = 83.8) as t h e  c y c l e  working f l u i d .  S i n c e  t h e  
thermodynamic properties of  k ryp ton  are t h e  same as t h e  xenon-helium 
mixture  of  t h e  same molecu la r  we igh t  i n  t h e  p r e v i o u s  thermal a n a l y s i s ,  
it was only n e c e s s a r y  t o  change t h e  gas  t r a n s p o r t  p r o p e r t i e s .  The 
the rma l  a n a l y s i s  w a s  conducted f o r  t h e  2.25-, 6 . 0 - ,  and 10.5-kw power 
l e v e l s .  The r e s u l t i n g  t empera tu re  d i s t r i b u t i o n s  and h e a t  f l o w  p a t h s  
f o r  t h e s e  power levels  are shown i n  F i g u r e s  9 2  through 97. 
I 
The t h e r m a l  c o n d u c t i v i t y  of  k r y p t o n  i s  approximate ly  4 1  p e r c e n t  
t h a t  of xenon-helium a t  t h e  same molecu la r  we igh t .  The v i s c o s i t y  of  
k ryp ton  i s  o n l y  3 p e r c e n t  h i g h e r .  A comparison o f  t h e  r e s u l t s  o f  t h e  
p r e s e n t  t he rma l  a n a l y s i s  t o  those f o r  t h e  xenon-helium a n a l y s i s  
r e v e a l s  t h a t  t h e  t empera tu re  i n  t h e  s h a f t  and a l t e r n a t o r  rotor  i n -  
creases approximate ly  60°F a t  t h e  l o w  power l e v e l  and 30°F a t  t h e  h igh  
power l e v e l .  T h i s  i s  due p r i m a r i l y  t o  t h e  lower the rma l  conductance 
a c r o s s  t h e  a l t e r n a t o r  f l u x  gaps and t h e  r a d i a t i o n  s h i e l d - t o - r o t o r  gap .  
I 
The l a r g e s t  t empera tu re  i n c r e a s e ,  however, is  found i n  t h e  t h r u s t  
b e a r i n g  stators.  T h i s  i s  due t o  t h e  lower t h r u s t  b e a r i n g  f i l m  con- 
duc tance ,  which i n c r e a s e s  t h e  s t a t o r  t empera tu re ,  and i s  added t o  t h e  
i n c r e a s e  r e s u l t i n g  from t h e  h i g h e r  s h a f t  t empera tu re  mentioned above. 
The t o t a l  i n c r e a s e  i n  s ta tor  t empera tu re  due t o  t h e  change i n  c y c l e  
gas  i s  l O O O F  a t  t h e  l o w  power l e v e l  and 70°F a t  t h e  medium and h i g h  
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The t empera tu res  i n  t h e  t u r b i n e  n o z z l e  assembly dec reased  
approximate ly  20°F, and t h e  peak t empera tu re  i n  t h e  t u r b i n e  back- 
shroud dec reased  4OoF w i t h  t h e  change i n  c y c l e  g a s .  The t empera tu res  
i n  a l l  s t a t i o n a r y  p a r t s  n o t  p r e v i o u s l y  mentioned changed on ly  s l i g h t l y .  
Those i n  t h e  t u r b i n e  wheel dec reased  s l i g h t l y  and i n  t h e  compressor 
wheel i n c r e a s e d  from 20° t o  4 0 ° F  depending on power leve l .  
From t h e  s t e a d y - s t a t e  t empera tu re  d i s t r i b u t i o n ,  a d i f f e r e n t i a l  
t he rma l  expans ion  a n a l y s i s  w a s  performed t o  de t e rmine  t h e  thermal  
e f f e c t s  on t h e  movements of  c e r t a i n  p a r t s  of t h e  BRU. Three o f  t h e  
more s i g n i f i c a n t  items are t a b u l a t e d  i n  Table 1 0 .  For comparison, t h e  
r e s u l t s  of t h e  xenon-helium a n a l y s i s  are concluded.  N o  s i g n i f i c a n t  
d i f f e r e n c e s  o c c u r r e d  between t h e  a n a l y s e s  o f  t h e  t w o  d i f f e r e n t  g a s e s .  
I t  may be concluded t h a t  t h e  BRU w i l l  o p e r a t e  s a t i s f a c t o r i l y ,  
from a the rma l  s t a n d p o i n t  , w i t h  k ryp ton  gas .  Moderately h i g h e r  t e m -  
p e r a t u r e s  i n  t h e  gas  b e a r i n g s  and s l i g h t l y  less e lsewhere  are t h e  
r e s u l t .  I n  a d d i t i o n ,  thermal  growths th roughou t  t h e  BRU are w e l l  
w i t h i n  a c c e p t a b l e  limits such t h a t  t h e  u n i t  may b e  o p e r a t e d  o v e r  t h e  
f u l l  power spec t rum (2.25- t o  10.5-kwe) w i t h  minimal ad jus tmen t  
( p r e s s u r e  change) and no c o n f i g u r a t i o n  changes.  
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TABLE 10 
Components 
T i e - b o l t  t e n s i o n  
( r e l a x i n g  of 
t e n s i o n  from a n  
i n i t i a l  s t r e t c h  
of 0 .025  i n . )  
BRU DIFFERENTIAL THERMAL EXPANSIONS 
Change of compressor  
s c r o l l  a x i a l  shroud 
c l e a r a n c e  (minus 
s i g n  i n d i c a t e s  
c l e a r a n c e  c l o s i n g )  
Change of t u r b i n e  
sc ro l l  a x i a l  shroud 
clearance (minus s i g n  
indicates  clearance 
c l o  s i ng  ) 
H e - X e  
Power L e v e l ,  A n a l y s i s  , 











A n a l y s i s ,  








0 . 0007 
0.0002 
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3 . 6  Stress . -na lys i s  and Material S e l e c t i o n  
The p r o p e r  s e l e c t i o n  o f  materials from which t o  f a b r i c a t e  machine 
components i s  d i c t a t e d  by many and o f t e n  c o n f l i c t i n g  r equ i r emen t s .  
The e f f e c t s  of p h y s i c a l  p r o p e r t i e s ,  t he rma l  p r o p e r t i e s ,  e l ec t r i ca l  and 
magnet ic  p r o p e r t i e s ,  envi ronmenta l  r e s i s t a n c e ,  and f a b r i c a b i l i t y  must 
be cons ide red  d u r i n g  t h e  a n a l y t i c a l  d e s i g n  phase  o f  any new machine. 
I Very c a r e f u l  a t t e n t i o n  w a s  t h u s  a f f o r d e d  t o  t h e  materials selec- 
~ t i o n  d u r i n g  t h e  d e s i g n  phase o f  t h e  BRU. I n  a d d i t i o n  t o  t h e  c r i t e r i a ,  
p a r t i c u l a r  emphasis w a s  p l a c e d  on materials w i t h  which i n d u s t r y  has 
accumulated e x p e r i e n c e  i n  f a b r i c a t i o n  and o p e r a t i o n .  As a r e s u l t  of  
employing t h i s  ph i lo sophy ,  no compromises w e r e  n e c e s s a r y  i n  a c h i e v i n g  
what i s  expec ted  t o  be  a h i g h l y  reliable des ign  and one w i t h  an a n t i -  
c i p a t e d  minimum o f  f a b r i c a t i o n  problems. 
T a b l e  11 i s  a summary of t h e  materials f o r  t h e  BRU. The compo- 
n e n t  and material ,  and t h e  b a s i s  f o r  s e l e c t i o n  i s  d e f i n e d .  Reference  
t o  F i g u r e  98  w i l l  assist i n  de t e rmin ing  t h e  l o c a t i o n s  of t h e  v a r i o u s  
components. 
A d e t a i l e d  stress a n a l y s i s  w a s  performed on t h e  BRU r o t a t i n g  and 
s t r u c t u r a l  components t o  a s s u r e  t h a t  t h e i r  s t r u c t u r a l  i n t e g r i t y  w a s  
compat ib le  w i t h  t h e  d e s i g n  l i f e  o b j e c t i v e  o f  5 0 , 0 0 0  h r .  T h e r m a l  
stress a n a l y s i s  s t u d i e s ,  performed on a d i g i t a l  computer,  were u t i -  
l i z e d  d u r i n g  t h e  d e s i g n  o f  t h o s e  components f o r  t h e  t u r b i n e  end  o f  
t h e  machine. Independent  d e t a i l e d  the rma l  a n a l y s i s ,  w i t h  boundary 
t empera tu res  from t h e  overal l  BRU t empera tu re  a n a l y s i s ,  w e r e  used t o  
o b t a i n  t h e  t empera tu re  d i s t r i b u t i o n  i n p u t s  for  t h e  thermal  stress 
programs. (See S e c t i o n  3.5 f o r  g r e a t e r  t he rma l  de t a i l . )  
Table  1 2  p r e s e n t s  a summary o f  t h e  BRU component stress a n a l y s i s .  
The t y p e  o f  l o a d  a t  t h e  component o p e r a t i n g  t empera tu re ,  t h e  r e s u l t i n g  
level  o f  stress, and comparison t o  t h e  material p h y s i c a l  p r o p e r t i e s  
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TABLE 11 






Basis for Selection 
Compressor wheel High strength, excellent damplng charac- 
teristics, good thernal conductivity 























2 6  
27 
28 
Co.-pressor spinner 6061-T6 
Alum. 
347 CRES cor-? r e s sor s cr o 1 1 Good environnental resistance, oood 
fabricability 
Corrosion resistance, good fabricability 
High strength 
i i i n h  hardness, good finishing characteris- 
tics, cood dimensional stability 
Good thermal conductivity, high strength 
CoTpressor back shroud 
':le-bolt :gas;ler 
??rust bearing stators 
3 4 7  CRES 
17-4 Pi1 
5 - 2  tool 
steel 
4 3 4 0  
steel 
17-4 PI1 
Thrust bearing rotor 
Gimbal asserrbly lligh strength, good fatigue properiies, 
thermal expansion compatible with thrust 
stators 
High coefficient of therrral expansion 
fligh strength, qood thermal conductivity, 
thermal expansion compatible with bearing 
lournal 
H i g h  strength, Good fatigue characteristics 
lliah hardness, qood finishing characteris- 
tics, good dimensional stability 
High thermal conductivity 
Hi gh strength, nonmacrnet ic 
Good magnetic properties, high strength, 
good thermal conductivity 
Nonmagnetic, high stability 
Excellent magnetic properties, good thermal 
conductivity 
Nonmagnetic, good environmental resistance 
Good electromagnetic characteristics 
347 CRES 
4 3 4 0  
steel 
? h r u s t  bearin? carrier 
J o u r n a l  bearing carrier 
Journal bearing mounts 
Jourr .a?  Searing pad 
17-4 Pti 
Rx-49 
Gas bearing thermal shunts 




4 3 4 0  
Inconel 718 
Ingot iron Alternator stator 
Frame and end plates 
: . k i n  housing outer shell 
Alternator stack 
laminations 
Alternatur frame support 
L,.?a?,S 
scroll rIc.1' + :I::; f lnnges 
347 CRES 
A1 4750  
steel 
4 5 4 0  High strength 
3-17 CRCS Nonmaqnetic, good environmental resistance, 
thermal expansion compatibility with 
scrolls 
Good environmental resistance, good 
weldability 
Good high-temperature strength 
Housing hermetic seals 347 CRES 









High thermal conductivity 
Good high-temperature strength 
Good high-temperature strength and creep 
resistance 
Good extreme high-temperature strength 
Good high-temperature strength, good 
weldability 
Nonmetallic, good modera'ie temperature 
strength 
Turbine torus 












SUMMARY OF STRESS ANALYSIS RESULTS 
L o c a t i o n  Load - S t r e s s  - Material S t r e n g t h  
12,750 p s i  avg. 
t a n g e n t i a l  
6,000 p s i  r a d i a l  
12,400 p s i  avg. 
t a n g e n t i a l  
22,000 p s i  r a d i a l  
FTY - 1 0 0 , 0 0 0  p s i  a t  240'F 
n e g l i g i b l e  c r e e p  
Compressor wheel  
403 CRES 
36,000 rpm 
c e n t r i f u g a l  
240°F 
36,000 rpm 
c e n t r i f u g a l  
p l u s  t h e r m a l ,  
1300°F 
T u r b i n e  wheel  
INCO 713 LC 
Creep r u p t u r e  s t r e n g t h  - 60,000 p s i  a t  1300OF 
50,000 h r  s t r e s s - r u p t u r e  
l i f e !  108 h r  n e g l i g i b l e  
c r e e p  
n e g l i g i b l e  c r e e p  
FTy - 100,000 p s i  a t  240'F 52,500 p s i  max. 
44,000 p s i  max. 
52,500 p s i  max. 
44,000 p s i  max. 
52,500 p s i  max. 
44,000 p s i  max. 
10,600 p s i  max. 
7,600 p s i  max. 
t r a n s i e n t  
s t e a d y - s t a t e  
t r a n s i e n t  
s t e a d y - s t a t e  
t r a n s i e n t  
s t e a d y - s t a t e  
t r a n s i e n t  
s t e a d y - s t a t e  
Curv ic  c o u p l i n g  
compresso r  
wheel  
403 CRES 
Axia l  f o r c e  
( t h e r m a l  
p l u s  t o r q u e )  
240'F 
Ax ia l  f o r c e  
( t h e r m a l  
p l u s  t o r q u e )  
450'F 
A x i a l  f o r c e  
( t h e r n a l  
p l u s  t o r q u e )  
450'F 
Bending moment 
p l u s  a x i a l  
f o r c e ,  
45OoF 
36,000 rpm 
c e n t r i f u g a l  
430'F 
Thermal a x i a l  
F~~ - 160,000 p s i  a t  45OoF 
n e g l i g i b l e  c r e e p  
C u r v i c  c o u p l i n g  
s h a f t  
SAE 4340 
F,,.~ - 1 0 0 , 0 0 0  p s i  a t  450.F 
n e g l i g i b l e  c r e e p  
Curv ic  c o u p l i n g  
t u r b i n e  wheel  
INCO 713 LC 
s h a f t  
SAE 4340 
60,000 p s i  a t  450-F 
FTY n e g l i g i b l e  c r e e p  
( Rc<16) 
FTy - 1 4 0 , 0 0 0  p s i  a t  550OF 
n e g l i g i b l e  c r e e p  
T i e - b o l t  
I N C O  718 
62,500 p s i  max. 
44,800 p s i  max. 
t r a n s i e n t  
s t e a d y - s t a t e  
f o r c e  
55OOF 
Compressor s c r o l l  
Torus  
347 CRES 
45 p s i  i n t e r n a l  
p r e s s u r e ,  
278'F 
Thermal,  a x i a l ,  and 
i n t e r n a l  p r e s s u r e  
1,690 p s i  t e n s i o n  FTy - 30,000 p s i  a t  3 0 0 ° F  
Suppor t  s h e l l ,  
347 CRES 
T u r b i n e  scroll 
11,600 p s i  bend ing  
43.2 p s i  i n t e r n a l  
p r e s s u r e ,  
16OOOF 
1 ,720  p s i  t e n s i o n  23,000 p s i  a t  1600'F 
a t  1 6 O O O F  
E s t i m a t e  1 p e r c e n t  c r e e p  
105,000 p u i  a t  15OO0F 
r e l a x a t i o n  
FTy 50,000-hr c r e e p  r u p t u r e  - 7000 p s i  
FTy - c reep - induced  s t r e s s  
- 1 0 0 , 0 0 0  p s i  a t  140OOF 
FTy c reep - induced  stress 
FTy - 30,000 p s i  a t  Z O O o €  r e l a x a t i o n  
Torus ,  
H o s t e l l o y  X 
36,000 p s i  bend ing  
2 4 , 0 0 0  p s i  hoop 
Shroud,  
I n c o  713 LC 
Thermal ,  a x i a l  and 
i n t e r n a l  p r e s s u r @ ,  
1500°F 
S u p p o r t  s h e l l ,  
Inco 718 
Thermal ,  a x i a l  and 
i n t e r n a l  p r e s s u r e ,  
14OOOF 
10-ps i  d i f f e r e n t i a l  
p r e s s u r e  p l u s  
t h e r m a l ,  
200'F 
10 -ps i  d i f f e r e n t i a l  
p r e s s u r e  p l u s  
t h e r m a l  
48,700 p s i  bending 
27,500 p s i  hoop 
16,400 p s i  bend ing  
9 , 0 0 0  p s i  hoop 
Compressor wheel 
Back sh roud  
347 CRES 
Cold end. (400°F! 
75,000 p s i  bending 
31 ,000  p s i  hoop 
Hot end ( a t  1300'F) 
34,000 p s i  bending 
23 ,600  p s i  hoop 
FTy - 142,000 a t  4 O O O F  T u r b i n e  wheel  
Back sh roud  
I n c o  718 
86,000 a t  1300°F 
r e l a x a t i o n  
FTy c reep - induced  stress 
F~~ - 150,000 p s i  a t  400OF F l e x u r a l  bending,  25,000 p s i  bending 
400'F t18.000 f l e x u r a l  
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J o u r n a l  b e a r i n g  
r e s i l i e n t  
mount 
17-4 PI1 
are t a b u l a t e d .  Where a p p l i c a b l e ,  t h e  50,000-hr c r e e p  p r e d i c t i o n s  a r e  
~ a l s o  i n c l u d e d .  
An a n a l y s i s  w a s  performed f o r  t h e  t u r b i n e  end o p e r a t i n g  a t  t h e  
s t e a d y - s t a t e  10.5-kw power l eve l .  F i g u r e  9 9  g i v e s  t h e  s t e a d y - s t a t e  
d i s t r i b u t i o n  froin which t h e  t empera tu res  a t  t h e  h i g h e r  stress l e v e l s  
a r e  d e r i v e d .  F i g u r e  100 shows t h e  mer idonal  stress d i s t r i b u t i o n  i n  
t h e  t u r b i n e  components. The v a l u e s  r e p r e s e n t  t h e  maximum bending  
stress magnitudes i n  t h e  t h i n  s h e l l  p a r t s  of  t h e  s t r u c t u r e  and t h e  
r a d i a l  stresses i n  t h e  t u r b i n e  wheel hub. F i g u r e  1 0 1  p r e s e n t s  t h e  
t a n g e n t i a l  stress d i s t r i b u t i o n  i n  t h e s e  components. I n  t h e  " t h i n -  
s h e l l "  s e c t i o n s  where t h e  s o l i d  l i n e s  appea r ,  t h e  v a l u e s  r e p r e s e n t  
t h e  ave rage  t a n g e n t i a l  o r  hoop stress i n  t h e  cross s e c t i o n .  
D e t a i l e d  stress a n a l y s e s  of t h e  t u r b i n e  and compressor  wheels  
w e r e  a l so  p r e s e n t e d  i n  S e c t i o n s  3 . 2 . 3  and 3 . 2 . 2 ,  r e s p e c t i v e l y .  
1 7 5  
TEMPERATURES - OF 
36 ,000  RPM 
10.5 KW POWER LEVEL 
STEADY-STATE TEMPERATURE D I S T R I B U T I O N  
NASA BRU - TURBINE END 
FIGURE 9 9  
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STRESS - KSI 
36,000 RPM 
10.5 KW POWER LEVEL 
MERIDIONAL STRESS DISTRIBUTION 
NASA BRU TURBINE END 
F I G U R E  100 
1 7 7  
TANGENTIAL STRESS DISTRIBUTION 
NASA BRU TURBINE END 
F I G U R E  101 
178 
3.7  I n s t r u m e n t a t i o n  
I n s t r u m e n t a t i o n  p r o v i s i o n s  were i n t e g r a t e d  i n t o  t h e  d e s i g n  o f  t h e  
B R t i .  T a b l e  1 4  p r o v i d e s  a summary and  gives t h e  t y p e ,  g e n e r a l  l o c a t i o n ,  
q u a n t i t y ,  and  measurement  r a n g e  of t h e  i n s t r u m e n t a t i o n .  
Wayne-Kerr t y p e  c a p a c i t a n c e  probes are  u t i l i z e d  f o r  measu r ing  
d i s p l a c e m e n t s .  Chromel-alumel  t h e r m o c o u p l e s  are  used  f o r  t e m p e r a t u r e  
m e  as u reme n t . 
F i g u r e  1 0 2  p r e s e n t s  a s k e t c h  o f  t h e  i n s t r u m e n t a t i o n  h o u s i n g  
t h r o u g h  which a l l  i n t e r n a l  e l e c t r i c a l  i n s t r u m e n t a t i o n  i s  r o u t e d .  P r o -  
v i s i o n s  are  a v a i l a b l e  f o r  t h r o u g h - f e e d i n g  24 c o a x i a l  Wayne-Kerr t y p e  
c a b l e s  and  7 2  ch romel -a lume l  the rmocoup le  l e a d s .  G l a s s - s e a l e d  
herme t i c  th rough-bu lkhead- type  r e c e p t a c l e s  are u t i l i  zed f o r  a l l  
c o n n e c t i o n s .  Threaded  s o c k e t s  i d e n t i c a l  t o  t h o s e  f o r  t h e  e x t e r n a l  
c o n n e c t i o n s  are  p r o v i d e d  on e a c h  Wayne-Kerr p r o b e  c a b l e  f o r  ease of 
a s s e m b l y .  F r i c t i o n  c o n t a c t  s l e e v e s ,  s imi l a r  t o  t h o s e  i n  t h e  m a t i n g  
e x t e r n a l  s o c k e t s ,  are u s e d  on  t h e  the rmocoup le  leads. A t y p i c a l  
i n s t r u m e n t a t i o n  s e t  i s  shown i n s t a l l e d  i n  t h e  BRU h o u s i n g  i n  F i g u r e  
103 .  
3 . 7 . 1  BRU Thermocouple  I n s t r u m e n t a t i o n  
The t h e r m o c o u p l e s  were c h o s e n  f o r  o p e r a t i o n a l  c o n t r o l  of t h e  BRU 
and f o r  o b t a i n i n g  t h e  g e n e r a l  o v e r a l l  t h e r m a l  c o n d i t i o n s  of t h e  u n i t .  
A t o t a l  of 37 l o c a t i o n s  were s e l e c t e d  as o f  p r a c t i c a l  v a l u e .  
F i g u r e  104  p i c t o r i a l l y  d i s p l a y s  t h e  l o c a t i o n s  o f  t h e s e  t h e r m o c o u p l e s ;  
a b r i e f  d e s c r i D t i o n  of e a c h  l o c a t i o n  f o l l o w s  : 
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M e  as urement  
TABLE 1 3  
B RU I N S  TRUMENTAT I O N  
Type of 
P robe  * Q u a n t i t y  
S h a f t  p o s i t i o n  Wayne-Kerr 4 
T h r u s t  b e a r i n g  
f i l m  t h i c k n e s s  
J o u r n a l  b e a r i n g  l o a d  
J o u r n a l  b e a r i n g  s h o e  
l e a d i n g  e d g e  m o t i o n s  
T h r u s t  b e a r i n g  gimbal 
m o t i o n s  
Speed  f 
Temperature, O F  C-A the rmocoup le  
B e a r i n g  c a v i t y  p r e s s u r e  S t a t i c  p r e s s u r e  







0 - 0 . 0 1 0  i n .  
0 - 0 . 0 0 5  i n .  
0 - 0 . 0 1 0  i n .  
0 - 0 . 0 1 0  i n .  
0 - 0 . 0 1 0  i n .  
Speed r a n g e  
0 - 1 6 0 0  
P r e s s u r e  r a n g e  




T Y P I C A L  BRU INSTALLED INSTRUMENTATION 
F I G U R E  1 0 3  
182 
183 
1, 2 ,  3 ,  4 - A l t e r n a t o r  a rma tu re  winding end t u r n s  
5 - A l t e r n a t o r  a rma tu re  winding a t  i n n e r  d i a m e t e r  
of s l o t  
6 ,  7,  8 - A l t e r n a t o r  a rma tu re  windings ( 1 2 0  deg a p a r t )  
a t  o u t e r  diameter of s l o t  
9 ,  1 0  - A l t e r n a t o r  f i e l d  c o i l s  
11 - A l t e r n a t o r  hea t -exchanger  o u t e r  w a l l ,  t u r b i n e  
end 
1 2  - A l t e r n a t o r  hea t -exchanger  o u t e r  w a l l ,  
compressor  end 
1 3 ,  1 4 ,  15  - Main hous ing  f l a n g e ,  t u r b i n e  end ( 1 2 0  deg a p a r t )  
16, 1 7 ,  1 8  - Main hous ing  f l a n g e ,  compressor  end (120 deg 
a p a r t  ) 
1 9  - Turb ine  end main hous ing  f l a n g e  s u p p o r t  s t r u t  
20 - Rotor n e a r  maximum tempera tu re  p o i n t  ( thermo- 
coup le  s p o t t e d  on copper  b u t t o n  mounted on ro tor  
sh roud)  
2 1 ,  2 2  
2 3  
2 4  
- A l t e r n a t o r  secondary  f lux-gap shoes  
- Turb ine  f lex-mounted shoe 
- Turbine  fixed-mounted shoe  ( l e a d i n g  f l e x -  
mounted shoe) 
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' 1 5 ,  L ' G  - Turbine  b e a r i n g  c a r r i e r  
2 7  - Compressor flex-mounted shoe  
2 3  - Compressor fixed-mounted shoe  ( l e a d i n g  f l e x -  
mounted shoe)  
2 3 ,  30  - Compressor b e a r i n g  c a r r i e r  
I 31 ,  3 2  - T h r u s t  b e a r i n g  
I 33 - T h r u s t  b e a r i n g  gimbal assembly f l o a t i n g  r i n g  
3 4 .  35.  3 6  - Turbine  back-shroud and s ea l  assembly 
I 3 7  - Radia t ion  s h i e l d  convec t ion  shoe  
3 . 7 . 2  BRU P rox imi ty  Probes 
D i s t a n c e  measuring probes  ( F i g u r e  105) have been l o c a t e d  w i t h i n  
, 
I C a p a b i l i t y  has  been provided  f o r  t h e  u s e  of 2 4  such probes  a t  one 
t h e  i3RU t o  de t e rmine  g a s  b e a r i n g  behav io r  d u r i n g  u n i t  o p e r a t i o n .  
t i m e .  The l o c a t i o n ,  f u n c t i o n  and q u a n t i t y  of each  probe  t y p e  i s  
su ix ia r ized  below: 
1 8 5  
PROXIMITY PROBE LOCATIONS 
TURBINE DOWN 
FIGURE 1 0 5  
186 
Location Measurement 
Compressor end Journal orbit 
Flex-mounted pad leading edge motion or turbine end iournal bearincr 
J d 
Solid-mounted pad leading edge motion 
Flex-mount deflection 
(radial bearing load) 
Thrust bearing Compressor side film thickness 
Turbine side film thickness 








3 . 7 . 3  BRU Continuity Device 
Due to the obvious necessity of operating the BRU completely free 
of contamination, a continuity sensing device was incorporated (Figure 
106) i n t o  the BRU. Therefore, the presence of contamination or con- 
tacting surfaces (rotor to stationary parts) could be detected. 
It consists basically of a streamlined housing containing a 
spring-loaded electrical assembly which contacts the compressor wheel 
spinner screw. The streamlined housing is suspended in the compressor 
scroll inlet on three aerodynamic struts which are electrically iso- 
lated from the scroll. A small hermetic connector provides the elec- 
trical feed-through for completing the circuit. 
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HERMETIC CONNECTOR f 
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B RU CONTINU I TY SENSING DEVICE 
FIG- 106 
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3 . 8  : lotor S t a r t  Ana lys i s  
de te rmined  f o r  a model assumed t o  r e p r e s e n t  t h e  NASA "B" e n g i n e  sys -  
t e m  ( F i g u r e  1 0 7 ) .  Thermal i n e r t i a ,  c a p a c i t y  and h e a t  t r a n s f e r  
mechanisms of t h e  r e c u p e r a t o r ,  h e a t e r ,  cooler,  and i n t e r c o n n e c t i n g  
d u c t i n g  w e r e  accounted  f o r  w i t h i n  t h e  program. 
Based on d a t a  g e n e r a t e d  by t h i s  program, t h e  f o l l o w i n g  conclu-  
s i o n s  may be drawn: 
The BRU sys tem may be  s t a r t e d  by u s i n g  t h e  a l t e r n a t o r  as  a 
motor, w i t h  an e x t e r n a l  ac power supp ly  hav ing  a c o n s t a n t  
v o l t a g e  and f requency .  
2 . 2 5 -  and 6 .0 -k i lowa t t  l e v e l  w i t h  a f u l l  g a s  i n v e n t o r y  i n  
t h e  c l o s e d  loop .  
T h i s  can  b e  accomplished a t  t h e  
I t  a p p e a r s  t h a t  t h e  system cou ld  a l s o  b e  s t a r t e d  a t  t h e  
10 .5 -k i lowa t t  l e v e l  because :  
I n i t i a l  a c c e l e r a t i o n  r a t e ,  due p r i m a r i l y  t o  motor 
t o r q u e ,  i s  h igh .  
The a l t e r n a t o r  h e a t i n g  r a t e  i s  low--as ev idenced  by t h e  
f a c t  t h a t  t h e  a l l o w a b l e  motor ing  t i m e  i s  abou t  4 5  sec. 
With a c o n s t a n t  h e a t  f l u x  i n t o  t h e  sys tem of  1 9  kwt, 
t h e  t u r b i n e  i s  c a p a b l e  of  b o o t - s t r a p p i n g  i t s e l f  t o  
speed from r e l a t i v e l y  l o w  s p e e d s ,  i n  t h e  r a n g e  of 
1 1 , 0 0 0  t o  1 4 , 0 0 0  rpm. 
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(4) With t h e  h.igh t u r b i n e  i n l e t  t e m p e r a t u r e s  t h a t  e x i s t  
t h r o u g h o u t  t h e  s t a r t - u p ,  i t  i s  u n l i k e l y  t h a t  l o o p  f l o w  
r e v e r s a l s  w i l l  o c c u r .  However, as an  a d d i t i o n a l  s a f e -  
g u a r d  and  i n  case t h e  gas i n  t h e  t u r b i n e  c a v i t y  i s  
i n i t i a l l y  c o l d ,  u s e  of  a check  v a l v e  i n  t h e  s y s t e m  i s  
recommended. 
T a b l e  1 4  d e f i n e s  t h e  i n i t i a l  c o n d i t i o n s  t h a t  w e r e  assumed f o r  t h e  
t h r e e  t y p i c a l  s t a r t s  p r e s e n t e d  h e r e  f o r  t h e  6 . 0  kwe s y s t e m .  
r a t ed  v o l t s  p e r  p h a s e ,  t h e  a l t e r n a t o r  c a n  o p e r a t e  as a motor f o r  4 5  
sec b e f o r e  r e a c h i n g  o v e r t e m p e r a t u r e  c o n d i t i o n s .  The s t a r t  t i m e  sum- 
mary shown be low i n d i c a t e s  t h a t  s t a r t e r  s h u t o f f  i s  r e a c h e d  i n  o n l y  a 
f r a c t i o n  o f  t h e  t i m e  a l l o w a b l e  due  t o  o v e r h e a t i n g  e f f e c t s .  
Us ing  
START TIME SUMMARY 
A p p l i e d  A p p l i e d  Motor T i m e  t o  
V o l t a g e  F requency  Run T i m e  Reach 3 6 , 0 0 0  rpm 
S t a r t  N o .  v o l t s  Hz sec sec 
1 1 2 0  1 2 0 0  5 . 2  25 
2 9 0  900 6.04 26  
3 60 6 0 0  7 . 7 3  2 7  
All t h r e e  s t a r t s  w e r e  mads a s suming  t h e  gas i n  t h e  t u r b i n e  c a v i t y  
w a s  a t  a t e m p e r a t u r e  i n  e x c e s s  o f  720'R. T h i s  e n s u r e s  t h e  t u r b i n e  
p r e s s u r e  r a t i o  w i l l  b e  less t h a n  t h a t  of t h e  compressor, t h u s  p r e c l u d -  
i n g  t h e  p o s s i b i l i t y  o f  f l o w  r e v e r s a l  t h r o u g h  t h e  t u r b i n e .  Hence,  i f  
t h e  g a s  i n  t h e  c losed loop be tween  t h e  h e a t  source  h e a t - e x c h a n g e r  and 
t h e  r e c u p e r a t o r  ( S t a t i o n s  6 t o  9 )  is p r e h e a t e d  e i t h e r  by  c o n d u c t i o n  
from t h e  h e a t  s o u r c e  h e a t - e x c h a n g e r  o r  by u s i n g  s t r i p  h e a t e r s ,  a check  
v a l v e  i n  t h e  l o o p  may n o t  b e  r e q u i r e d .  I f ,  however ,  a l l  p o r t i o n s  o f  
t h e  l o o p  e x c e p t  i n  t h e  immedia te  r e g i o n  of  t h e  h e a t  s o u r c e  a r e  r e l a -  
t i v e l y  c o l d  a t  t h e  i n i t i a t i o n  of s t a r t - u p ,  a check  v a l v e  w i l l  b e  
n e c e s s a r y .  
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I TABLE 1 4  
I N P U T  DATA 
BRU START-UP ANALYSIS 
Reference c y c l e  power l e v e l  6 . 0  kwe (6 .387  kwe gross)  
S t a r t e r  s h u t o f f  speed 1 5 , 0 0 0  rpm 
( S t a r t e r  s h u t s  off  a u t o m a t i c a l l y  i f  g e n e r a t o r  
LT> 35O0F) 
2 Rotor i n e r t i a  0 . 0 5 3  i n . - l b - s e c  
S a t u r a t i o n  load 1 8  kw 
I n i t i a l  gas i n v e n t o r y  0 .597  lb 
I F i n a l  gas i n v e n t o r y  0 . 5 9 7  lb 
I n i t i a l  loop s t a t i c  p r e s s u r e  1 3 . 5  p s i a  
I n i t i a l  Loop T e m p e r a t u r e s ,  O R  
G a s  i n  compressor i n l e t  d u c t  
G a s  i n  compressor d i s c h a r g e  d u c t  
Recuperator avg core mass temp 
G a s  i n  d u c t  between r e c u p e r a t o r  
Heater avg core mass temp 
Gas i n  t u r b i n e  i n l e t  d u c t  
G a s  i n  t u r b i n e  d i s c h a r g e  d u c t  
G a s  e n t e r i n g  cooler 
L i q u i d  coolant  i n l e t  temp 
a n d  h e a t e r  
Heat f l u x  i n t o  c y c l e  from h e a t  s o u r c e  
Cooler core mass 
Heater core mass 
Recuperator core mass 
= 527 
= 527  






T = 2260 
= 2260 T 6  
= 2260 
= 6 0 0  
= 527 
= 1 9 . 0 1  kw 
= 8 9 . 4  l b  
= 85.5  l b  
= 107 .6  l b  
T9 
T 1 O  
T i n .  
19  2 
F i g u r e  1 0 8  p r e s e n t s  t h e  s t a r t  p e r f o r m a n c e  f c r  S t a r t s  1, 2 ,  and 3 ,  
r e s p e c t i v e l y .  F i g u r e s  1 0 9  and  1 1 0  d i s p l a y  t y p i c a l  t e m p e r a t u r e s  and  
p r e s s u r e s  p r e d i c t e d  f o r  S t a r t  N o .  3 c o n d i f i o n s .  
An e x t e n d e d  r u n  of 20  m i n u t e s  w a s  made t o  d e t e r m i n e  how much t i m e  
i s  r e q u i r e d  f o r  t h e  s y s t e m  t o  a r r i v e  a t  t h e  d e s i g n  c o n d i t i o n s  ( F i g u r e  
111). T h i s  r u n  shows a p a r t i c u l a r l y  i n t e r e s t i n g  r e s u l t ;  v i z . ,  a 
t e n d e n c y  f o r  t h e  h e a t  s o u r c e  h e a t - e x c h a n g e r  core t o  o v e r h e a t  f o r  a 
s h o r t  p e r i o d  o f  t i m e ,  p e a k i n g  o u t  a t  1 5 0  sec a t  2330OR. T h i s  would 
i n d i c a t e  t h a t  t h e  h e a t  s o u r c e  h e a t - e x c h a n g e r  mus t  b e  d e s i g n e d  t o  s u s -  
t a i n  s h o r t  t e r m  h i g h  t e m p e r a t u r e  c o n d i t i o n s .  One c a n  a l s o  see from 
t h i s  p l o t  t h a t  t h e  T6 ( t u r b i n e  i n l e t  t e m p e r a t u r e )  d r o o p  i s  n e g l i g i b l e .  
Recuper  a t o r  P r e h e a t  
The e f f e c t  of p r e h e a t i n g  t h e  r e c u p e r a t o r  w a s  i n v e s t i g a t e d .  I t  
was f o u n d  t h a t  t h e  t i m e  t o  r e a c h  d e s i g n  s p e e d  w a s  n o t  s i g n i f i c a n t l y  
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BRU MOTOR START PERFORMANCE 
FIGURE 108 
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START #3 : 60V/600Hz 
2 5 0  
2 0 0  
1 5 0  
100 























WRBINE I ET PRESS E 
I I  




20 3 0  40 50 60 
TIME, SEC. 






I 4  
TIME, SEC. 
2 5 0 0  
2 000 
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4. BRU DYNAMIC SIMULATOR 
The b a s i c  f u n c t i o n  of t h e  Dynamic S i f iu l a to r  w a s  t o  p rov ide  a 
v e h i c l e  f o r  s u b j e c t i n g  t h e  BRU gas  b e a r i n g / r o t o r  suspens ion  system t o  
t h e  same mechanical  e l e c t r o m a g n e t i c  and thermal  c o n d i t i o n s  t o  be 
expec ted  i n  a c t u a l  BRU loop  o p e r a t i o n .  I n  a d d i t i o n ,  t h e  s i m u l a t o r  
proved t o  be i n v a l u a b l e  as a f a b r i c a t i o n  and assembly p ro to type .  
Des ign  and f a b r i c a t i o n  problems encountered  d u r i n g  s i m u l a t o r  bu i ld-up  
were r e c t i f i e d  and t h e s e  s o l u t i o n s  i n c o r p o r a t e d  as des ign  changes i n  
t h e  s h i p p a b l e  BRUs .  A l s o ,  t h e  s i m u l a t o r  a f f o r d e d  a t e s t  bed f o r  
assembly and i n s t r u m e n t a t i o n  t echn iques  u l t i m a t e l y  a p p l i e d  t o  t h e  BRU 
u n i t s .  
The dynamic s i m u l a t o r  (shown i n  cross s e c t i o n  i n  F i g u r e  1 1 2 )  i s  
i d e n t i c a l  t o  t h e  BRU w i t h  t h e  e x c e p t i o n  of dummy wheels r e p l a c i n g  t h e  
BRU t u r b i n e  and compressor wheels .  The compressor dummy wheel func- 
t i o n s  as t h e  d r i v e  t u r b i n e  w i t h  t h e  d r i v e  t u r b i n e  scrol l  r e p l a c i n g  t h e  
BRU compressor  s c r o l l .  
I 
The i n s t r u m e n t a t i o n  and mounting arrangement  of t h e  s i m u l a t o r  is 
i d e n t i c a l  t o  t h e  BRU a l lowing  e v a l u a t i o n  o f  t h e  u n i t  i n  one h o r i z o n t a l  
and two v e r t i c a l  ro tor  o r i e n t a t i o n s .  The u n i t  is  shown on t h e  v e r t i -  
c a l  o p e r a t i o n  tes t  s t a n d  i n  F i g u r e  113. 
4.1 S i m u l a t o r  Design 
, F i g u r e  1 1 4  p r e s e n t s  t h e  t u r b i n e  dummy c o n f i g u r a t i o n ,  t o g e t h e r  
w i t h  a t a b u l a t i o n  o f  i t s  c a l c u l a t e d  i n e r t i a l  p r o p e r t i e s  and t h o s e  of 
t h e  a c t u a l  t u r b i n e  wheel.  S imula t ion  of  t h e  a c t u a l  t u r b i n e  wheel  
i n e r t i a l  p r o p e r t i e s  by t h e  dummy is i n d i c a t e d  t o  be v i r t u a l l y  p r e c i s e .  
An a d d i t i o n a l  c o n s i d e r a t i o n  i n  the s e l e c t i o n  o f  t h e  dummy geometry 
was t o  p rov ide  a l a r g e  s u r f a c e  area f o r  t h e  t r a n s f e r  of h e a t  from a 
r e s i s t a n c e  heated shroud t o  t h e  t u r b i n e  dummy. The 1 .5  i n c h  r a d i u s  
1 9  8 
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DUMMY MASS TURBINE WHEEL 
WEIGHT (LBS)  3.345 3.33 
I ( I N .  LB SEC.') 0.0148 0.015 
0.0089 
STRESS (PSI) 11,070 12 9 370 
P 
Id ( I N .  LB S E C . 2 )  0.0088 
AVERAGE TANGENTIAL 
I-, 0.118 
T 2 . 4 R  
T 
1 
0 . 9 R  
TURBINE WHEEL DUMMY MASS FOR 




F I G U R E  114 
2 0 1  
I of c u r v a t u r e  s u r f a c e  of r e v o l u t i o n  p rov ides  t h i s  s u r f a c e  a r e a .  
C e n t r i f u g a l  stresses i n  t h e  t u r b i n e  dummy mass a r e  un i fo rmly  lower 
t h a n  t h o s e  i n  t h e  co r re spond ing  t u r b i n e  wheel hub. 
F i g u r e  115 p r e s e n t s  t h e  compressor  dummy c o n f i g u r a t i o n  and a 
t a b u l a t i o n  of c a l c u l a t e d  i n e r t i a l  p r o p e r t i e s  of t h e  dummy and BRU 
compressor  wheels .  The compressor dummy i s  a l s o  des igned  t o  f u n c t i o n  
a s  t h e  t u r b i n e  d r i v e  and as t h e  t h r u s t  l o a d i n g  s u r f a c e  f o r  t h e  t e s t  
r o t o r .  
The t h r u s t  l o a d i n g  scheme is i l l u s t r a t e d  i n  F i g u r e  1 1 6 .  P r e s -  
s u r i z a t i o n  i s  p rov ided  on t h e  back s u r f a c e  of t h e  compressor  dummy a t  
a prescribed level to effect desired axial loadings on the ro to r .  
The r i m  a x i a l  dimension of 0 . 5 4  i n .  h a s  been chosen t o  f a c i l - i t a t e  an 
e f f e c t i v e  s ea l  between t h e  t u r b i n e  d r i v e  a i r  and t h e  t h r u s t  l o a d i n g  
c a v i t y .  The s e a l i n g  scheme i n s u r e s  l eakage  of p r o c e s s  g a s  from t h e  
b e a r i n g  c a v i t y  t o  t h e  e v a c u a t i o n  r e g i o n  ( i . e . ,  P3  > P2, F i g u r e  1 1 6 ) .  
Th i s  l e a k a g e  f low p a t h  i s  p h y s i c a l l y  r e p r e s e n t a t i v e  of  t h a t  i n  t h e  
BRU, and from t h e  s t a n d p o i n t  of  dynamic s i m u l a t o r  t e s t i n g ,  p r e c l u d e s  
con tamina t ion  of  t h e  b e a r i n g  c a v i t y  g a s  a t  t h i s  seal  due t o  a d v e r s e  
f l o w .  
The m u l t i p l e  f u n c t i o n s  provided  by t h e  dummy compressor  mass, 
namely, s e r v i n g  as t h e  r o t o r  t u r b i n e  d r i v e ,  p r o v i d i n g  an  e f f e c t i v e  
r i m  s ea l ,  and f a c i l i t a t i n g  pneumatic  a x i a l  l o a d i n g s ,  l i m i t  t h e  pre-  
c i s i o n  w i t h  which t h e  dummy may be  des igned  t o  r e p r e s e n t  t h e  a c t u a l  
compressor  wheel i n e r t i a l  p r o p e r t i e s .  The r e s p e c t i v e  d i f f e r e n c e s  i n  
i n e r t i a l  p r o p e r t i e s  of  t h e  dummy and a c t u a l  compressor  wheels  do n o t  
s i g n i f i c a n t l y  j e o p a r d i z e  t h e  s i m u l a t i o n  i n  r o t o r  dynamic p r o p e r t i e s  
by t h e  dynamic s i m u l a t o r  r o t o r .  
2 0 2  
BRU 
C OMPRE S S OR WHEEL DUMMY WHEEL 
WEIGHT, POUNDS 1.36 




I I N .  LB SEC.‘ .00244 ,00336 
Id’ 
AVERAGE TANGENTIAL 
STRESS, P S I  
1 2 , 4 0 0  12 9 750 
1.75 
RIM RADIUS 
NOTES : ~ 
1. 4 3 4 0  STEEL MATERIAL 
2 .  RIM RADIAL DEFLECTIONS AT 36,000 RPM (CENTRIFUGAL ONLY) 
TURBINE SIDE, . O O E  I N .  
BACK SIDE, ,0008 I N .  
COMPRESSOR DUMMY WHEEL CONFIGURATION 
FOR DYNAMIC SIMULATOR OF BRU 
F I G U R E  115 
203 
f \ \ \  \ 
/ I 
P; = T H R U S T  L O A D I N G  S U P P L Y  P R E S S U R E  
P2 = E V A C U A T I O N  P R E S S U R F  
Pc: = B E A R I N G  C A V I T Y  P R E S S U R E  
T H R U S T  L O A D I N G  METHOD AT COMPRESSOR 
DLMMY WHEEL,  BRU DYNAMIC S I M U L A T O R  
F I G U R E  1 1 6  
2 04 
Presented  below are t h e  i n e r t i a l  p r o p e r t i e s  of t h e  dynamic 
s imula to r  and BRU r o t o r  assemblies along wi th  t h e i r  r e s p e c t i v e  pre-  
d i c t e d  t h i r d  (bending mode) c r i t i c a l  speeds.  
COMPARISON OF ROTOR PROPERTIES 
BRU AND DYNAMIC SIMULATOR* 
Dynamic 
S imula tor  
Rotor 
Weight ( l b )  21.9 
0.0595 I ( i n .  l b .  sec. ) 
X ( i n . ) * *  4 .440  
I ( i n .  l b .  s e c . 2 ) * * *  1.346 












*X is  t h e  a x i a l  d i s t a n c e  measured from t h e  compressor end bea r ing  t o  ti3 r o t o r  mass c e n t e r .  
**I is  t h e  r o t o r  d i a m e t r a l  ( t r a n s v e r s e )  moment of i n e r t i a  computed w P s a  r a s p e c t  t o  t h e  r o t o r  mass center.  
:***Differences are p r i m a r i l y  t h e  dummy compressor-drive t u r b i n e  m a s s .  
R ig id  r o t o r  n a t u r a l  f r equenc ie s  are determined by t h e  r o t o r  mass 
and Idcg, as w e l l  as r e s p e c t i v e  f l e x i b i l i t i e s  of t h e  bear-  c e n t e r ,  I 
ings  and t h e  b e a r i n g  span. The t h i r d  c r i t i c a l  speed of t h e  r o t o r  sys-  
t e m  is a d d i t i o n a l l y  dependent upon t h e  r o t o r  f l e x i b i l i t y  and t h e  a x i a l  
d i s t r i b u t i o n s  of m a s s  and l o c a l  i n e r t i a  p r o p e r t i e s .  Based upon t h e  
comparative d a t a ,  r e p r e s e n t a t i o n  of t h e  BRU rotor  assembly by t h e  
dynamic s imula to r  r o t o r  assembly is  v i r t u a l l y  p r e c i s e .  
P 
' Figure  117 p r e s e n t s  bea r ing  loads  v e r s u s  speed f o r  t h e  s imula to r  
r o t o r  wi th  unbalance d i s t r i b u t i o n  chosen t o  most s e v e r e l y  accen tua te  
loads  i n  proximi ty  t o  t h e  t h i r d  system c r i t i c a l  speed. 
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, 4 . 1 . 1  Dynamic S imula to r  Thermal Ana lys i s  
The pr imary o b j e c t i v e  o f  t h i s  a n a l y s i s  was t o  gu ide  t h e  des ign  
o f  t h e  s i m u l a t o r  so t h a t  it would meet one o f  i t s  i n t e n d e d  g o a l s .  
T h i s  was t h e  s u b j e c t i o n  o f  the gas  b e a r i n g s  and t h e  s t r u c t u r e  t o  t h e  
the rma l  environment  t h a t  t h e  BRU would see, as f a r  as i s  p r a c t i c a l ,  
and w i t h i n  t h e  l i m i t a t i o n s  imposed. S ince  t h e  dynamic s i m u l a t o r  test-  
i n g  w a s  accomplished w i t h  a rgon  as t h e  b e a r i n g  l u b r i c a n t ,  argon was 
used  as t h e  working f l u i d  i n  t h e  a n a l y s i s .  Bea r ing  c a v i t y  p r e s s u r e  
w a s  a d j u s t e d  t o  g i v e  an  e q u i v a l e n t  b e a r i n g  number ( A )  f o r  t h e  xenon- 
he l ium mixture .  
w a s  used as t h e  l i q u i d  c o o l a n t  rather t h a n  t h e  Dow-Corning 2 0 0  c o o l a n t .  
Water, f l cwing  a t  t h e  same h e a t  c a p a c i t y  ra te  ( i c  j , 
P 
I The s t e a d y - s t a t e  t empera tu re  d i s t r i b u t i o n  and t h e  p e r t i n e n t  h e a t  
f lows  f o r  t h e  dynamic s i m u l a t o r ,  when o p e r a t e d  a t  t h e  6 .0  kwe power 
, c o n d i t i o n  are shown i n  F i g u r e s  118 and 1 1 9 .  Temperatures  i n  t h e  areas 
1 o f  impor tance  ( i . e .  , t h e  gas  b e a r i n g s  and tu rb ine -end  s t r u c t u r e )  are 
q u i t e  r e p r e s e n t a t i v e  o f  t h o s e  p r e d i c t e d  f o r  t h e  BRU. 
4 . 1 . 2  Dynamic S i m u l a t o r  I n s t r u m e n t a t i o n  
The BRU dynamic s i m u l a t o r  is provided  wi th  an e x a c t  d u p l i c a t i o n  
of BRU i n s t r u m e n t a t i o n .  The i n i t i a l  f a b r i c a t i o n ,  assembly and i n s t r u -  
menta t ion  checkout  p rov ided  d e s i g n  c o r r e c t i o n s  a p p l i e d  t o  BRU i n s  t r u -  
mentat ion p r i o r  t o  s t a r t  o f  f a b r i c a t i o n .  Twenty-two c a p a c i t a n c e  
p robes  and 37 thermocouples  were l o c a t e d  i n  t h e  same p h y s i c a l  p o s i t i o n s  
as i n  p r o d u c t i o n  BRUs (see F i g u r e  1 0 4 ) .  
The common i n s t r u m e n t a t i o n  between s i m u l a t o r  and BRU p e r m i t s  
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c o n d i t i o n s  "seen" and w i t h s t o o d  by t h e  s i m u l a t o r  cou ld  r e a s o n a b l y  be  
assumed tolerable  t o  t h e  f i n a l  u n i t s .  
4.1.3 S i m u l a t o r  T e s t  Fac i l i t y  
The Brayton  c y c l e  tes t  f a c i l i t y  h a s  t h e  c a p a b i l i t y  of  s u p p o r t i n g  
BRU c l o s e d  l o o p  t e s t i n g .  The f a c i l i t y  i s  independen t  of o t h e r  l a b o r a -  
t o r y  t e s t  ce l l s  and i n c l u d e s  i t s  own s u p p o r t  equipment;  a b r i e f  l i s t -  
i n g  of which a p p e a r s  below: 
, 
Power absorption l o a d  bank - 18 kwe 
Wayne K e r r  c a p a c i t a n c e  p robe  sys tem 
S i n g l e  and d u a l  beam oscilloscopes 
Four t een  channe l  Ampex t a p e  recorder 
D i g i t a l  thermocouple  r e a d o u t  and r e c o r d i n g  
Automatic  Brayton  c y c l e  o p e r a t i o n  c o n t r o l s  w i t h  manual over -  
r i d e  
Cont inuous  300 p s i  a i r  supp ly  
The above equipment  i s  shown i n  F i g u r e  120. 
I 
4.2 S i m u l a t o r  T e s t  R e s u l t s  
4 . 2 . 1  I n i t i a l  E x p l o r a t i o n  
The i n i t i a l  BRU s i m u l a t o r  t es t s  w e r e  e x p l o r a t o r y  i n  n a t u r e  w i t h  
t h e  f o l l o w i n g  areas i n v e s t i g a t e d :  
210 
WAYNE- KERR 
DISTANCE P E T E R S  
OPERATOR CONSOLE 
SIMULATOR MOUNTED ON 
T E S T  STAND 
O S C I L L O S C O P E  AND 
AMPEX RECORDER BANK 
CLOSED BRAYTON CYCLE T E S T  
F I G U R E  120 
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S P E E D  CONTROLLER 
F A C I L I T Y  
A c c e l e r a t i o n  of t h e  r o t a t i n g  group t o  d e s i g n  speed under t h e  
h y b r i d  b e a r i n g  mode 
T h r u s t  l oad  s i m u l a t i o n  a t  t h e  6 . 0  and 10.5 kwe power l e v e l  
b e a r i n g  c a v i t y  p r e s s u r e s  
T h r u s t  b e a r i n g  performance mapping a t  t h e  6 . 0  kwe p r e s s u r e  
l e v e  1 
T h r u s t  b e a r i n g  load r e v e r s a l  (15 .O l b  down t o  9 .O l b  up) a t  
20,000, 25,000, 3 0 , 0 0 0 ,  and 36 ,000  rpm a t  t h e  6 . 0  kwe p r e s -  
s u r e  c o n d i t i o n  
i n i t i a l  t es t s  were conducted w i t h  a "dummy" a l t e r n a t o r  r o t o r  
s i n c e  f i n i s h e d  r o t o r s  were n o t  a v a i l a b l e  a t  t h e  t i m e  of  s i m u l a t o r  
assembly. 
The j o u r n a l  b e a r i n g s  performed s a t i s f a c t o r i l y  d u r i n g  each of t h e  
tes ts  l i s t e d  above. Bear ing  o p e r a t i o n  i n  t h e  h y d r o s t a t i c  and t h e  s e l f -  
a c t i n g  mode a t  each  c a v i t y  p r e s s u r e  w a s  s table .  During t e s t  ( a )  
above, c a p a c i t a n c e  p robes  fo l lowing  s h a f t  motions w e r e  monitored and 
r i g i d  r o t o r  c r i t i c a l  speeds  were observed  between 7,500 a n d  9 , 5 0 0  rpm 
( F i g u r e  1 2 1 ) .  
4.2.1.1 T h r u s t  Bearing/Gimbal E v a l u a t i o n  
T h r u s t  b e a r i n g  performance i n  t h e  hydrodynamic ( s e l f - a c t i n g )  mode 
proved u n s t a b l e  due t o  a s e l f - e x c i t e d  o s c i l l a t i o n  o f  t h e  g imbal .  
the e x t e r n a l  p r e s s u r i z a t i o n  t o  t h e  loaded  (compressor  end)  t h r u s t  p l a t e  
w a s  reduced from 100 p s i g  t o  approximate ly  45 p s i g  t h e  motions of  t h e  
gimbal  assembly suddenly  i n c r e a s e d  i n  ampl i tude  w i t h  a predominant ly  
one -qua r t e r  synchronous frequency component. G i m b a l  motions (Probes  
w and x) b e f o r e  and d u r i n g  t h e  i n s t a b i l i t y  are shown i n  F i g u r e s  1 2 2  
and 123, r e s p e c t i v e l y .  
As 
2 1 2  
T U R ,  I N E  COMPRESSOR 
SPEED: 7,500 RPM 
JOURNALS : " Y 3 R  I D  
THRUST : HYZRID 
TIME SCALE: 5 MSEC PER CM. 
T URZ I N E  COMPRESSOR 
SPEED: 9,500 RPM 
JOURNALS : HY3RID 
THRUST : HYBRID 
TIME SCALE: 2 MSEC PER CM. 
NOTE : 
VERTICAL ORIENTATION WITH SIMULATED TUREINE WHEEL UP. 
SYSTEM PRESSURES (USING ARGON) : 
CAVITY - 25.1 P S I A  
JOURNAL SUPPLY - 99 P S I G  
THRUST SUPPLY (UNLOADED S I D E )  - 6 4  P S I A  
(LOADED S I D E )  - 1 1 4  P S I A  
( 3 )  VERTICAL SCALE: 0.001 INCWCM. 
URU DYNAMIC SIMULATOR 









HORIZONTAL DIVISIONS ARE 0.005 SECOND. 
2. SPEED:  36,000 RPM 
JOURNAL BEARINGS: HYBRID OPERATION 
THRUST BEARING: 
1 MIL VERTIC,  L PEAK T O  PEAK CALIBRATION SHOWN AT RIGHT. 
HYBRID OPERATION (144 PSLA ON LOADED 
THRUST FACE)  
BRU DYNAMIC SIMULATOR BUILD NO. 2 
STEADY -STATE OPERATION AT 36,000 RPM 
P R I O R  T O  THRUST BEARING " INSTABILITY"  
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( 2 )  SPEED: 36,000 RPM 
1 MIL VERTICAL CALIBRATION SHOWN ON GRAPH; HORITONTAL 
D I V I S I O N S  ARE 0.005 SECOND, 
JOURNAL BEARINGS: HYBRID OPERATION 
THRUST BEARING: HYBRID OPERATION (59 PSIA ON LOADED THRUST FACE) 
BRU DYNAMIC SIMULATOR BUILD NO. 2 
OPERATION AT 36,000 RPM DURING 
THRUST BEARING "INSTABILITY" 
FIGURE 123 
The f l e x u r a l  ( g i m b a l  ( F i g u r e  7 0 )  chosen f o r  i t s  l a c k  o f  wear ing  
p i r t s ,  i s  a l so  l a c k i n g  i n  F i v o t a l  damping of t h e  magnitude r e q u i r e d  
f m  s t a b l e  o p e r a t i o n  under  BRU l o a d  c o n d i t i o n s .  For  t h i s  r e a s o n ,  a 
"2in-Iiype" q i m r a l  ( w i t k .  t h e  p i n s  l o c a t e d  i n  p l a n e s  midway between t h e  
two t h r u s t  s ta tors ]  was) s u b s t i t u t e d  f o r  t h e  f l e x u r a l  gimbal .  The p i n  
gimbaJ. ( F i g u r e  7 1 )  d i f f e r s  from t h e  f l e x u r a l  t ype  i n  t.hat. t h e  d e g r e e s  
of freedom are p rov ided  by t h e  combined r o l l i n g  and s l i d i n g  mations of 
f o u r  c y l i n d r i c 3 1  p i n s  w i t h i n  matching bushings  r a t h e r  t h a n  t h e  f l e x -  
u,-ai-- bending 3f e l a s t i c  beams. Darnpin<, e s s e n t i a l l y  a b s e n t  i n  t h e  
f l e x u i . a l  des igL i ,  i s  p rov ided  by t h e  f r i c t i o n  i n h e r e n t  i n  t h e  r o l l j - n g  
and s l . i d i n g  motions o f  t h e  p i n s .  
L t i l l  z i n g  t h e  p i n  g imbal ,  e x p l o r a t c r y  t e s t h g  w a s  resumed and 
subsequen t ly  ct3mpleted w i t h o u t  i n c i d e n t .  
4 . 2 . 2  S i m u l a t e d  Design --- and Off -Desi gn T e s t i z  -- 
F o l l o d i n g  s u c c e s s f u l  exp lo ra to i -y  t e s t i n g ,  t h e  s i m u l a t o r  w a s  f i t -  
t e d  w i t h  a BRU a l t e r n a t o r  r a t o r  t o  a l low powsr e x t r a c t i o n .  A r e s i s t a n c e  
h e a t e r  a r r a y  w a s  mounted on t h e  tu rkdne  shroud t o  s i m u l a t e  a n t i c i p a t e d  
BRU thermal g rdd ie r i t s .  T e s t i n g  w a s  completed i n  t h e  fol lowin(;  areas 
w i t h  t h e  u n i t  .Ln f i r s t  t h e  ve r t . i ca1  and l a t e r  t h e  h o r i z o n t a l  r o t o r  
o r i e n t  a t i o a :  
Sclf ;ct ir ig t h r u s t  b e x i f i 9  performancs under v a r y i n g  t h r u s t  
l o a d s  ( 3  t o  32 l b )  
F u l l  6 . 0  kwe ( d e s i g n )  p r e s s u r e  c o n d i t i o n s  and t empera tu re  
g r a d i e n t  s i m u l a t i o n  w i t h  power e x t r a c t i o n  
F u l l  o f f - d e s i g n  s i m u l a t i o n  w i t h  ambients  and power e x t r a c t i o n  
s i m u l a t i n g  t h e  2.25 and 10.5 kwe power l e v e l s  
During t h e  p e r i o d  o f  t es t s  ( a )  and ( b )  above, t h e  p i n  gimbal  w a s  
employed. For  tests ( c )  and t h e  remain ing  s i m u l a t o r  t e s t i n g ,  t h e  u n i t  
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employed a modi f ied  v e r s i o n  of t h e  e a r l y  f l e x u r e  g imbal .  Th i s  
c o n f i g u r a t i o n  ( F i g u r e  1 2 4 )  employs a p a i r  of s p r i n g  beam rubb ing  mem- 
b e r s  l o c a t e d  between t h e  f i x e d  (ground)  r i n g  and t h e  o u t e r  g imbal  
r i n g .  These members p r o v i d e  a f r i c t i o n a l  damping moment of approx i -  
ma te ly  3 i n . - l b .  The f r ic t ion-damped f l e x u r e  gimbal  w a s  i n s t a l l e d  i n  
a l l  sh ipped  BRU u n i t s  and h a s  e x h i b i t e d  s t a b l e  t h r u s t  b e a r i n g  o p e r a t i o n  
d u r i n g  t es t s  a t  NASA. 
S e l f - a c t i n g  t h r u s t  b e a r i n g  performance ( F i g u r e  125)  w a s  mapped 
f o r  t h e  6 . 0  kwe ambient  c o n d i t i o n s  w i t h  a t h r u s t  load  r a n g e  of 3 t o  
32 l b .  Load s i d e  f i l m  t h i c k n e s s  and g imbal  mot ion  w a s  moni tored  on 
p robes  Q, W ,  and X f o r  v a r i o u s  l o a d s  and t h e  scope  d i s p l a y s  are  shown 
i n  F i g u r e  1 2 6 .  N o  i n s t a b i l i t i e s  were observed .  
S i m u l a t i o n  of f u l l  6 . 0  kw power ambient  p r e s s u r e  and t empera tu re  e 
c o n d i t i o n s  w a s  accomplished w i t h o u t  i n c i d e n t  w i t h  a t o t a l  of t e n  h r  
runn ing  a t  t h i s  c o n d i t i o n .  The u n i t  w a s  a c c e l e r a t e d  t o  d e s i g n  opera-  
t i n g  speed and h e l d  a t  t h a t  speed by t h e  automatic speed c o n t r o l .  The 
power e x t r a c t i o n  w a s  a d j u s t e d  t o  6 . 0  kw and t h e  b e a r i n g  c a v i t y  a rgon  
supp ly  w a s  h e a t e d  t o  275'F (approximate  c y c l e  t e m p e r a t u r e  of BRU com- 
p r e s s o r  d i s c h a r g e  b l e e d ) .  S e l f - a c t i n g  o p e r a t i o n  of a l l  b e a r i n g s  w a s  
ach ieved  35 min a f te r  s t a r t  and t h e  t h r u s t  l oad  w a s  a d j u s t e d  t o  15.5 
l b ,  toward t h e  dummy compressor .  The t u r b i n e  sc ro l l  e l ec t r i ca l  heater 
w a s  e n e r g i z e d  and a l l  t u rb ine -end  temperatures th roughou t  t h e  s i m u l a t o r  
s t a b i l i z e d  (see T a b l e  1 5 ) .  F i g u r e  1 2 7  p r e s e n t s  t h e  p e r t i n e n t  b e a r i n g  
and b e a r i n g  carr ier  t e m p e r a t u r e s  as a f u n c t i o n  of t i m e .  F i g u r e  128 
p r e s e n t s  t h e  t r a n s i e n t  b e a r i n g  pad loads f r o m  i n i t i a t i o n  of t h e  t e s t .  
The b e a r i n g  pad l o a d s  i n c r e a s e d  w i t h  t i m e  (and t empera tu re )  and be- 
came a s y m p t o t i c  w i t h  t h e  t u r b i n e  pad l o a d .  The t u r b i n e  b e a r i n g  pad 
load  r eached  18.6 l b  (pad t empera tu re ,  390'F max) ,  and t h e  compressor 
pad load  r eached  1 7 . 4  l b  (pad t e m p e r a t u r e ,  285'F). F i g u r e  1 2 9  shows 
a probe  r e a d i n g  "snap  s h o t "  of t h e  u n i t  runn ing  a t  t h e  f u l l  6 . 0  kwe 
c o n d i t i o n .  
e 
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INDICATED THRUST BEARING FILM-THICKNESS- (ms) 
BRU DYNAMIC SIMULATOR THRUST BEARING 
PERFORMANCE CALIBRATION 
FIGURE 125  
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ROTOR T!:R!tS'L' LOAD OF 7.7 POU DS OK COMPRESSOR FACE 




Q = O  
I 
W X am-- 
ROTOK Tr;RUST LOAD OF 31.9 POUNDS O S  COMPRESSOR TIIRJST FACE 
I 
THRTJST EEARI! S PERFORMAPCE 
DATA POIhTS 
KOTES : 
'1' SPEED - 36,000 RPM 
'2; AMB1E:T-ARGOK AT 25.1 P S I A  
( 3 )  ALL EEARI2:GS SELF-ACTIXG 
14' DISPLACEMEKT SCALE - .001 IACH PER CM. 




REPRESENTATIVE BRU TURBINE-END TEMPERATURES 
AFTER 3 HOURS OPERATION 
AT THE 6.0 kwe POWER CONDITION 
S imula tor Actual Temperature, 


















*For location of thermocouples, see Figure 104 
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COMPRESSOR-END PRELOAD = 1 2 . 1  POUNDS 
TURBINE-END PRELOAD = 1 1 . 8  POUNDS 
T I M E  A C T I V I T Y  
1 S T A R T  
2 3 6 , 0 0 0  RPM 
3 S E L F - A C T I N G  T H R U S T  B E A R I N G  
4 S E L F - A C T I N G  JOURNAL B E A R I N C S  
5 E N E R G I Z E  HEATER 
6 S T O P  
0 50 100 150 200 2 5 0  30  0 
T I M E ,  M I N  
JOURNAL B E A R I N G  PAD LOAD 
BRU DYNAMIC SIMULATOR 
F I G U R E  1 2 8  
223 
STEADY-STATE GPERATION AT 36,000 RPM 
WIiX WATERS ON AND 6 KW ELECTRIC POWER 
GENERATICN 
NOTES : 
(1) AMBIENT-ARGON AT 2 5 . 1  P S I A  
( 2 )  ALL BEARINGS SELF-ACTING 
( 3 )  DISPLACEMENT SCALES - 0 .001  INCH PER CM. 
BRU DYNAMIC SIMULATOR 
FIGURE 179 
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A f u l l  t e s t  a t  t h e  2.25 kwe power c o n d i t i o n  w i t h  t h e  b e a r i n g s  ' o p e r a t i n g  a t  suba tmospher ic  ( 1 2 . 6  p s i a )  p r e s s u r e  was completed w i t h o u t  
~ s t a b i l i t i e s  w e r e  observed .  
i n c i d e n t .  Un i t  performance w a s  normal and no i n c i p i e n t  dynamic i n -  
The 10.5-kw power e x t r a c t i o n  t e s t  u s i n g  a rgon g a s  l u b r i c a n t  w a s  e 
completed s u c c e s s f u l l y .  O r i e n t a t i o n  of t h e  dynamic s i m u l a t o r  f o r  t h i s  
t e s t  w a s  v e r t i c a l  w i t h  t h e  t u r b i n e  end up. T e s t i n g  w a s  conducted w i t h  
1 150-ps i a  e x t e r n a l  s u p p l y  p r e s s u r e  t o  a l l  g a s  b e a r i n g s  d u r i n g  accelera- 
t i o n  t o  and d e c e l e r a t i o n  from d e s i g n  o p e r a t i n g  speed  (36,000 rpm) .  
The b e a r i n g  c a v i t y  ambient  p r e s s u r e  d u r i n g  a c c e l e r a t i o n  w a s  a d j u s t e d  
t o  25.-psia  co r re spond ing  t o  t h e  BRU 6.0-kwe power c o n d i t i o n s .  
a c t i n g  o p e r a t i o n  of t h e  gas b e a r i n g / r o t o r  suspens ion  sys tem w a s  accom- 
S e l f -  
~ p l i s h e d  and t h e  b e a r i n g  c a v i t y  ambient  p r e s s u r e  l e v e l  w a s  r a i s e d  to 
4 2 . 6  ps ia ,  co r re spond ing  t o  t h e  10.5-kw power- level  c o n d i t i o n s .  
Power w a s  e x t r a c t e d  by s lowly  inc reas ing  t h e  a l t e r n a t o r  s h u n t  f i e l d  
c u r r e n t  u n t i l  11.0-kwe w a s  g e n e r a t e d .  
rpm) was m a i n t a i n e d  th roughcu t  t h e  t e s t  by a f i e l d  modula t ing  p a r a s i t i c -  
l oad - type  e l e c t r o n i c  cont ro l .  A l t e r n a t o r  c o o l a n t  f low (water) w a s  
m a i n t a i n e d  a t  0 . 4 8  gpm d u r i n g  t h e  90-min t es t .  Performance of  t h e  
1 s i m u l a t o r  under  t h e s e  c o n d i t i o n s  appeared  normal and no i n c i p i e n t  g a s  
b e a r i n g / r o t o r  dynamic i n s t a b i l i t i e s  were noted .  A f t e r  9 0  min of oper-  
a t i o n ,  a l l  t e m p e r a t u r e s  i n  the s i m u l a t o r  had stabilized and the maximum 
a l t e r n a t o r  winding t empera tu re  r eco rded  was 220'F. 
e 
Design o p e r a t i n g  speed  (36,000 
It w a s  concluded a t  t h e  comple t ion  of t h e  above tests t h a t  t h e  
dynamic s i m u l a t o r  had v e r i f i e d  s a t i s f a c t o r y  b e a r i n g  performance a t  
d e s i g n  and b o t h  extremes of o f f - d e s i g n  c o n d i t i o n s .  F u r t h e r  t e s t i n g  
w a s  done t o  demons t r a t e  b e a r i n g  r e s p o n s e  t o  u n i t  o p e r a t i o n  i n  t h e  
h o r i z o n t a l  model. Bear ing  performance w a s  s t a b l e  d u r i n g  r u n s  a t  
f u l l y  s i m u l a t e d ,  6.0 and 1 0 . 5  kwe power ambient  c o n d i t i o n s .  
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4.2.3 Bear inq  Response t o  A l t e r n a t o r  E x c i t a t i o n  and H y d r o s t a t i c  
Supply P r e s s u r e  P u l s e s  
BRU s t a r t - u p  and shutdown o p e r a t i o n s  could  i n v o l v e  s u b j e c t i n g  t h e  
r o t a t i n g  group t o  such  f o r c i n g  f u n c t i o n s  as sudden a p p l i c a t i o n  and/or  
removal of  e x c i t a t i o n  c u r r e n t  and sudden a p p l i c a t i o n  o f  h y d r o s t a t i c  
b e a r i n g  p r e s s u r e .  Such i n p u t s  can conce ivably  cause  damaging t r a n -  
s i e n t s ;  t h e r e f o r e  t h e  s i m u l a t o r  w a s  used t o  examine u n i t  r e sponse  under  
such c o n d i t i o n s  . 
4.2 .3 .1  S t a t i c  Rotor F i e l d  E x c i t a t i o n  T e s t  
S p e c i f i c a l l y ,  t h e  BRU s ta r t  mode r e q u i r e s  t h a t  t h e  BRU a l t e r n a t o r  
f i e l d  b e  f u l l y  e x c i t e d  a f te r  t h e  gas b e a r i n g  ro to r  suspens ion  sys t em 
h a s  been  e x t e r n a l l y  p r e s s u r i z e d ,  b u t  p r i o r  t o  s h a f t  r o t a t i o n .  The 
b e a r i n g  c a v i t y  ambient  p r e s s u r e  w a s  a d j u s t e d  t o  t h e  6.0-kwe power leve l  
c o n d i t i o n s  ( 2 5 . 1  p s i a )  , and t h e  b e a r i n g s  were e x t e r n a l l y  p r e s s u r i z e d  
as follows: 
(a )  J o u r n a l  bear ings--150 p s i g  ( r e f e r e n c e d  t o  1 4 . 2  p s i a )  
( b )  T h r u s t  b e a r i n g  assembly (both  s ta tors )  - - l o 0  p s i g  
With t h e  s i m u l a t o r  s h a f t  f l o a t i n g  b u t  p reven ted  from r o t a t i n g ,  t h e  
a l t e r n a t o r  s h u n t - f i e l d  c u r r e n t  was s lowly  i n c r e a s e d  u n t i l  t h e  l u b r i c a n t  
f i l m  between t h e  t w o  fixed-mounted j o u r n a l  pads c o l l a p s e d .  The s h u n t -  
f i e l d  c u r r e n t  a t  f i l m - c o l l a p s e  w a s  3 . 4  amp. T h i s  t e s t  w a s  r e p e a t e d  
several t i m e s  w i t h  p r e c i s e l y  t h e  same r e s u l t s .  
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, 4.2.3.2 E f f e c t  of Shunt  F i e l d  E x c i t a t i o n  on Rotor Dynamics 
Aside from t h e  above d e s i r a b l e  BRU s ta r t  mode, there  e x i s t s  a 
second BRU/ECS i n t e r f a c e  problem. I n  t h e  i n t e g r a t e d  sys tem,  t h e  BRU 
a l t e r n a t o r  o u t p u t  i s  connec ted  t o  t h e  t r a n s f o r m e r  r e c t i f i e r  of t h e  
v o l t a g e  r e g u l a t o r / e x c i t e r .  Due t o  r e s i d u a l  magnetism of t h e  BRU 
a l t e r n a t o r ,  r o to r  v o l t a g e  i s  g e n e r a t e d  a t  t h e  o u t p u t  of t h e  a l t e r -  
n a t o r  as a f u n c t i o n  of ro to r  speed .  Th i s  v o l t a g e ,  i n  t u r n ,  s u p p l i e s  
t h e  VRE t h a t  subsequen t ly  r e t u r n s  t h i s  v o l t a g e  t o  t h e  a l t e r n a t o r  s h u n t  
f i e l d  which, i n  t u r n ,  i n c r e a s e s  t h e  a l t e r n a t o r  o u t p u t  v o l t a g e .  Th i s  
i s  a b o o t - s t r a p  a c t i o n  w i t h  f u l l  s h u n t - f i e l d  e x c i t a t i o n  a t  approxi -  
mate ly  20,000 rpm. Rapid bui ld-up  of  s h u n t - f i e l d  c u r r e n t  o c c u r s ,  
p a r t i c u l a r l y  i n  t h e  speed r ange  of 7500 t o  13,280 rpm. The  r e v e r s e  
a c t i o n  t a k e s  p l a c e  on u n i t  coastdown as w e l l .  The above-mentioned 
speed r ange  u n f o r t u n a t e l y  c o i n c i d e s  w i t h  t h e  r i g i d  body c r i t i c a l  
speeds  of t h e  BRU g a s  b e a r i n g  ro tor  suspens ion  system. T h e r e f o r e ,  i t  
w a s  dec ided  t o  check t h e  performance of t h e  dynamic s i m u l a t o r  o v e r  t h e  
o p e r a t i n g  speed r a n g e ,  w i t h  t h e  a l te rna tor  s h u n t - f i e l d  c u r r e n t  v a r y i n g  
as a f u n c t i o n  of ro tor  speed  c o n s i s t e n t  w i t h  t h e  v a l u e s  found d u r i n g  
t h e  A 1  t e r n a  t o r  Research Package t e s t i n g  . 
I The r e s u l t a n t  t e s t i n g  of t h e  s i m u l a t o r  c o n s i s t e d  of spot-checks 
~ a t  t h e  ro tor  speeds  and a p p l i e d  s h u n t - f i e l d  c u r r e n t s  shown as da ta  
~ p o i n t s  1 th rough  9 on F i g u r e  130. 
The t e s t  procedure  c o n s i s t e d  of a c c e l e r a t i n g  t h e  s i m u l a t o r  ro tor  
t o  t h e  d e s i r e d  speed  data  p o i n t  and s t a b i l i z i n g  t h e  speed .  Th i s  w a s  
accomplished w i t h o u t  a l t e r n a t o r  s h u n t - f i e l d  e x c i t a t i o n .  Once t h e  speed  
has  been s t a b i l i z e d ,  t h e  a l t e r n a t o r  s h u n t  f i e l d  was c a u t i o u s l y  e n e r g i z e d  
t o  the  d e s i r e d  c u r r e n t  s e t t i n g .  During t h i s  o p e r a t i o n ,  a l l  o s c i l l o s c o p e -  
moni tored  c a p a c i t a n c e  s i g n a l s  were s c r u t i n i z e d  f o r  any changes i n  t h e  
dynamic performance of t h e  u n i t .  Once t h e  data p o i n t  had been t a k e n ,  
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speed  d a t a  p o i n t ,  and t h e  p r o c e s s  r epea ted .  A f t e r  d a t a  P o i n t  7 had 
been t a k e n ,  t h e  f i e l d  e x c i t a t i o n  w a s  i n c r e a s e d  t o  5.5 amp, and t h a t  
v a l u e  w a s  h e l d  c o n s t a n t  d u r i n g  a c c e l e r a t i o n  of  t h e  u n i t  t o  2 0 , 0 0 0  rpm. 
A t  t h a t  speed ,  t h e  f i e l d  e x c i t a t i o n  w a s  i n c r e a s e d  t o  6 .0  amp, and t h e  
new v a l u e  w a s  h e l d  c o n s t a n t  u n t i l  d e s i g n  o p e r a t i n g  speed  of 36,000 rpm 
w a s  ach ieved .  The f i e l d  e x c i t a t i o n  w a s  then  reduced  t o  z e r o  and t h e  
s i m u l a t o r  a l lowed t o  coast down. N o  unusual  performance c h a r a c t e r i s -  
t i c s  were observed d u r i n g  t h e  t e s t i n g  even though some o f  t h e  s h a f t  
l i s s a j o u s  f i g u r e s  were q u i t e  l a r g e  a t  several d a t a  p o i n t s  i n  t h e  c r i t -  
i c a l  speed range  (10 ,000  t o  12,340 rpm). Due t o  t h e  "dwel l"  t i m e  a t  
each d a t a  p o i n t  (1 t o  7 ) ,  t h e  tes t  more n e a r l y  approximated t h e  ex- 
p e c t e d  c o n d i t i o n s  d u r i n g  an ac tua l  BRU shutdown o p e r a t i o n .  The d a t a  
p o i n t s  ( speeds )  were chosen t o  a g r e e  wi th  even v a l u e s  of  f i e l d  ex- 
c i t a t i o n  c u r r e n t .  N o  a t t e m p t  w a s  made t o  choose speed d a t a  p o i n t s  a t  
which t h e  dynamic performance of t h e  s i m u l a t o r  would be q u i e s c e n t .  
I t  i s  b e l i e v e d  t h a t  t h e  tes t  r e p r e s e n t e d  a worst-case approximation 
of t h e  VRE s h u n t - f i e l d  c o i l  b o o t - s t r a p  a c t i o n  t h a n  would be encountered  
i n  an  a c t u a l  tes t  of  t h e  i n t e g r a t e d  BRU system. 
The t h i r d  tes t  w a s ,  t o  a l a r g e  e x t e n t ,  a d u p l i c a t i o n  of  t h e  t e s t -  
I 
~ i n g  of a l t e r n a t o r  e x c i t a t i o n  e f f e c t s ,  e x c e p t  t h a t  t h e  a p p r o p r i a t e  
~ speed p o i n t s .  
i v e s t i g a t e d  w e r e  as fo l lows :  
s h u n t - f i e l d  c u r r e n t s  w e r e  suddenly a p p l i e d  and removed a t  t h e  d e s i r e d  
The a p p l i e d  s h u n t - f i e l d  c u r r e n t s  and speed  p o i n t s  in -  
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Rotor Speed, Shunt-Field Current, 
am13 
7 , 500 0.25 
8 , 300 0.50 
10 , 000 1.00 
11,870 2.00 
12 , 340 3.00 
12 , 810 
13 , 280 
4.00 
5.50 
During this test, the external supply pressurization to all bearings 
was set at 150 psia (argon lubricant), and the bearing cavity ambient 
pressure was maintained at 25.1 psia. No adverse dynamic motions were 
observed during the sudden excitation of the alternator shunt field at 
any of the selected speed data points. 
Bearing Response to Sudden External Pressurization 
A study was made of the gas bearing/rotor suspension system 
response to a sudden application of external pressure to the bearing 
hydrostatic supply ports. The test was conducted by simulating the 
6.0 kwe condition (Pa = 25.1 psia) with all bearings self-acting. 
these operating conditions, 114-psia external pressurization to all 
bearings was suddenly applied by energizing solenoid valves. The 
external pressurization was then suddenly removed and all bearings 
once again became self-acting. The same procedure was followed with 
external supply pressures of 134, 144, 154, 164, and 169 psia. Unit 
performance was satisfactory during the application and removal of 
external supply pressures. The shock to the rotor system, as viewed 
on oscilloscopes, was most pronounced at the highest supply pressure 
(lateral motion toward the flex-mounted journal pads of approximately 
0.2 mil). 
A t  
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1 4 . 2 . 4  Summary of Simulator Testing 
Simulator testing encompassed eight separate unit builds, each 
incorporating modifications to the unit. Approximately 60 tests, for 
a i  accumulated time of 80 hrs, were accomplished utilizing the unit. 
Nust of these were high risk tests where the BRU design w a s  exercised 
1 in "first-time" operating regions. 
The BRU simulator satisfied its raison d'etre by providing the 
test data necessary to assure reliable operation of the deliverable 
, BRU units. After an additional 100 hrs of running at simulated BRU 
1 conditions, the unit was disassembled and shipped to the NASA-Lewis 
I 
test facility for further tests. 
Appendix H is a summary of typical testing done on the simulator 




I 5. BRU ACCEPTANCE TEST 
P r i o r  t o  a formal  acceptance  t es t  w i t h  sh ippab le  components, t h e  
f i r s t  BRU (BRU-PA) w a s  s u b j e c t e d  t o  p r e l i m i n a r y  e x p l o r a t o r y  t e s t i n g  t o  
check r o t o r  and b e a r i n g  system s t a b i l i t y  f o r  bo th  h y d r o s t a t i c  and 
hydrodynamic o p e r a t i o n  modes. Un i t  performance w a s  s a t i s f a c t o r y ,  and 
t h e  BRU w a s  assembled i n t o  t h e  f i n a l  c o n f i g u r a t i o n  shown i n  t h e  t e s t  
f i x t u r e  ( F i g u r e  1 3 1 ) .  T e s t  l a b  f a c i l i t i e s  are i d e n t i c a l  t o  t h o s e  
d i s c u s s e d  i n  S e c t i o n  4.1.3 f o r  t h e  Dynamic S imula to r .  
A l l  subsequent  BRU a s sembl i e s  were t e s t e d  and accep ted  i n  accord- 
ance w i t h  AiResearch BRU Acceptance T e s t  Procedure 6 9 9 7 0 0 - 1  which i s  
i n c l u d e d  i n  Appendix A. A l l  tes ts  were wi tnessed  by t h e  NASA Program 
Manager and completed wi thou t  i n c i d e n t .  
B a s i c a l l y ,  t h e  tests f o r  each u n i t  w e r e  concerned w i t h  v e r i f y i n g  
b e a r i n g  performance and u n i t  mechanical  i n t e g r i t y .  Argon w a s  used a s  
t h e  b e a r i n g  l u b r i c a n t  wh i l e  a i r  w a s  employed t o  d r i v e  t h e  BRU t u r b i n e .  
Each u n i t  w a s  b rough t  t o  des ign  speed (36,000 rpm) under  h y d r o s t a t i c  
b e a r i n g  o p e r a t i o n ,  and t h e  e x t e r n a l  b e a r i n g  p r e s s u r e s  w e r e  reduced 
u n t i l  s e l f - a c t i n g  performance was achieved  a t  t h e  t h r u s t  and j o u r n a l  
b e a r i n g s .  T h i s  c o n d i t i o n  w a s  cont inued  f o r  5 h r .  H y d r o s t a t i c  opera-  
t i o n  w a s  t h e n  resumed, and t h e  u n i t  a c c e l e r a t e d  t o  43,200 rpm (120-  
p e r c e n t  d e s i g n )  and h e l d  f o r  1 0  min. S a t i s f a c t o r y  performance t o  t h i s  
p o i n t  w a s  s u f f i c i e n t  f o r  acceptance  and t h e  u n i t  a l lowed t o  c o a s t  down. 
Upon s a t i s f a c t o r y  complet ion of t h e  above, t h e  u n i t s  were sh ipped  t o  
t h e  NASA-Lewis T e s t  F a c i l i t y .  
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6 .  ALTERNATOR ROTOR FABRICATION 
The BRU four-pole  R i c e  a l t e r n a t o r  r o t o r  evolved from a previous  
two-pole design u t i l i z e d  and t e s t e d  e x t e n s i v e l y  by AiResearch. The 
BRU r o t o r  i s  b a s i c a l l y  a three-p iece  assembly--a cast  Inconel  718 
non-magnetic c e n t e r  s e p a r a t o r  braze- joined t o  t h e  two wrought SAE 4340 
end p i eces  a s  shown i n  F igure  132. 
The f i n a l  f a b r i c a t i o n  process  involves  fu rnace  b raz ing  t o  j o i n  
t h e  mating s u r f a c e s  of t h e  three-p iece  assembly. P rev ious ly ,  two-pole 
r o t o r s  (cons iderably  smaller i n  d iameter  than  t h e  BRU) had been suc- 
c e s s f u l l y  jo ined  by coa t ing  t h e  mating s u r f a c e s  wi th  a Nioro a l l o y  
braz ing  p a s t e  then  s u b j e c t i n g  t h e  r o t o r  t o  a two-cycle b raze  process .  
BRU r o t o r s ,  when prepared under t h i s  p rocess ,  s e p a r a t e d  along t h e  m a t -  
i ng  s u r f a c e s  when sub jec t ed  t o  pre l iminary  s p i n  t e s t i n g .  
I n  view of t h e  i n i t i a l  s p i n  t e s t  f a i l u r e s ,  an extensive stress 
a n a l y s i s  of t h e  r o t o r  was conducted and coord ina ted  w i t h  a me ta l lu rg i -  
c a l  s tudy  of t h e  b raz ing  process .  
Stress s t u d i e s  revea led  t h e  fol lowing p o t e n t i a l  problems a s soc i -  
a t e d  wi th  t h e  o r i g i n a l  braze  process:  
(a )  Local stress concen t r a t ions  w i l l  e x i s t  a t  t h e  mating 
s u r f a c e s  due t o  d i s c o n t i n u i t i e s  a t  t h e  brazed i n t e r f a c e  
(a  b raze  material a p p l i c a t i o n  problem). 
(b )  J o i n i n g  t h e  d i s s i m i l a r  meta ls  w i l l  r e s u l t  i n  an i n h e r e n t  
thermal  expansion d i f f e r e n c e  between t h e  s t ee l  and Inconel  
(approximately 1 .0  x 1 0  in . / in .OF).  To accommodate 
dimensional adjustments  of t h i s  magnitude, l o c a l  p l a s t i c  
flow of t h e  materials must occur .  Therefore ,  a b r a z e  
material w i t h  h igher  y i e l d  s t r e n g t h  than  t h e  base  m a t e r i a l  
w i l l  presumably al low p l a s t i c  flow t o  occur  over  a g r e a t e r  
volume of t h e  base m a t e r i a l .  
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M e t a l l u r g i c a l  s t u d i e s  produced t h e  f o l l o w i n g  f i n d i n g s  and 
recommendations: 
( a )  A new gold-base ,  h igh  y i e l d  s t r e n g t h  b r a z e  m a t e r i a l - -  
P a l n i r o  7--should be used i n  l i e u  o f  t h e  Nioro a l l o y .  
( b )  The p r e v i o u s  b raze -hea t  t r e a t  c y c l e  caused c r a c k i n g  t o  
occur  i n  t h e  4340 end p i e c e s .  Th i s  w a s  l a r g e l y  due t o  
t h e  combina t ion  o f  r e s i d u a l  stresses l e f t  i n  t h e  assembly 
and t h e  p r e s e n c e  of a b r i t t l e  m i c r o s t r u c t u r e  i n  t h e  4 3 4 0 .  
The b r i t t l e  m i c r o s t r u c t u r e  i n  t h e  4340 s tee l  w a s  a t t r i b u t e d  
p r i m a r i l y  t o  t h e  r e t e n t i o n  of a s i g n i f i c a n t  amount of 
a u s t e n i t e  a f t e r  t h e  b r a z e / h e a t - t r e a t  c y c l e ,  w h i c h  subse- 
q u e n t l y  t r ans fo rmed  t o  mar t ens i t e - - a  h a r d ,  b r i t t l e  phase.  
(c) S i n c e  it i s  p o s s i b l e  t o  temper t h e  m a r t e n s i t e  t o  f o r m  a 
s t r u c t u r e  which i s  tough,  d u c t i l e ,  and s t a b l e ,  t h e  f o l l o w i n g  
b r a z e / h e a t - t r e a t  c y c l e  was proposed:  
(1) Rapid h e a t  t o  1700'F i s o t h e r m a l  d i s t r i b u t i o n  th roughou t  
r o t o r  
( 2 )  Heat t o  b r a z e  t empera tu re  (1980'F) and h o l d  a t  t he rma l  
e q u i l i b r i u m  f o r  10  t o  15  minu tes .  
( 3 )  Cool t o  1700'F w i t h o u t  i n c u r r i n g  l a r g e  the rma l  g r a d i -  
e n t s  w i t h i n  t h e  r o t o r  
( 4 )  Cool r a p i d l y  t o  1400'F and ho ld  f o r  5 h r  
(5 )  C o o l  t o  1165'F a t  a r a t e  of  200°F/hr and h o l d  a t  
1165'F f o r  8 h r  
( 6 )  Cool t o  room tempera tu re  a t  a g r a d u a l  r a t e .  
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I The new p rocess  can b e s t  be  d e s c r i b e d  as a "cas t -b raz ing"  
t echn ique .  Rotors  u l t i m a t e l y  produced by t h i s  p rocess  were found t o  
be r e l a t i v e l y  b raze  v o i d - f r e e  and t o  posses s  adequate  mechanical  
i n t e g r i t y .  
i 6 . 1  F a b r i c a t i o n  Technique 
The t h r e e  p i e c e s  were p repa red  f o r  b r a z i n g  by matching t h e  mating 
s u r f a c e s  wi th  an Elox ( e l e c t r o c h e m i c a l )  machining p r o c e s s .  These s u r -  
f a c e s  w e r e  then  g r i t  b l a s t e d ,  e l e c t r o c l e a n e d  and g o l d - e l e c t r o p l a t e d  t o  
a t h i c k n e s s  of 0 . 0 0 0 2 5  i n .  on t h e  Inco 718 p i e c e  and 0.00013 i n .  on 
t h e  4340 end p i e c e s .  The assembly w a s  then  p o s i t i o n e d  i n  t h e  b r a z e  
f i x t u r e  as shown i n  F i g u r e  133. The c o n t a i n i n g  s h e l l  shown i n  t h e  
f i g u r e  w a s  welded t o  t h e  lower 4340 end p i ece .  T h i s  p r o v i d e s  a pos i -  
t i v e  sea l  and c r e a t e d  a r e s e r v o i r  of molten b r a z e  a l l o y  necessa ry  t o  
f i l l  a l l  gaps .  The r e s u l t a n t  b raze  gap  i n  t h e  assembly w a s  e s t i m a t e d  
t o  be a n  average  of 0 . 0 1 0  t o  0 . 0 2 0  i n .  b u t  v a r i e d  from 0 .005  t o  0.030 
i n .  
The r o t o r  and expendable  f i x t u r i n g  was t h e n  p l aced  i n  a hydrogen 
purged sand s e a l e d  r e to r t  b r a z e  fu rnace .  
T o  a c c u r a t e l y  monitor  h e a t i n g  and cooling c y c l e s  r e q u i r e d  for 
b r a z i n g  t h e  r o t o r s ,  a "dummy" assembly w a s  p repared .  T h i s  dummy con- 
s i s t e d  of a p i e c e  of SAE 4340 b a r  s t o c k ,  i d e n t i c a l  i n  s i z e  and shape 
t o  t h e  b r a z e  s u b j e c t .  The dummy assembly was thermocouple i n s t r u -  
mented a t  e i g h t  l o c a t i o n s  throughout  i t s  mass and was r u n  through a 
t r i a l  c y c l e  i n  t h e  b raze  fu rnace .  An e i g h t - p o i n t  r e c o r d e r  cont inuous-  
l y  monitored and recorded  t h e  t empera tu res  d u r i n g  t h e  e n t i r e  c y c l e .  
Very c l o s e  c o n t r o l  of h e a t i n g  and c o o l i n g  w a s  ma in ta ined  i n  t h e  
f u r n a c e  by r e g u l a t i n g  t h e  f low of  hydrogen purge through t h e  s e a l e d  
r e t o r t ,  as w e l l  as by c o n t r o l l i n g  t h e  f u r n a c e  h e a t e r s .  Response t i m e  
of t h e  h e a v i l y  ins t rumented  dummy de termined  t h e  h e a t i n g  rates of t h e  
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I 
thermocouple r ead ings  t o  t25OF. The dummy and b r a z e  assembly are 
shown i n  t h e  b r a z e  fu rnace  i n  F igu re  134. 
A f t e r  t h e  braze-hea t  t r ea t  c y c l e ,  t h e  expendable f i x t u r e  w a s  
, machined o f f  and t h e  rotor  f inish-machined t o  t h e  BRU c o n f i g u r a t i o n .  
A s p i n  t e s t  t o  50,000 rpm v e r i f i e d  t h e  r o t o r  i n t e g r i t y  i n  excess of 
t h e  BRU requi rements .  
I 
A s  proof  o f  t h e  developed "cas t -b raz ing"  t echn ique ,  a growth and 
b u r s t  t e s t  w a s  conducted on a r e p r e s e n t a t i v e  rotor  c o n f i g u r a t i o n  
(F igu re  1 3 5 ) .  Before t e s t i n g ,  t h e  r o t o r  w a s  dye-penet ran t  i n s p e c t e d  
and 15 minor vo ids  w e r e  i n d i c a t e d  i n  t h e  b r a z e  j o i n t s .  N o  i n d i c a t i o n  
of c racks  w a s  found. The r o t o r  w a s  v i s u a l l y  i n s p e c t e d  under 15X-magni- 
f i c a t i o n ,  and t h r e e  o f  t h e  i n d i c a t e d  vo ids  were l a r g e  enough t o  meas- 
u re .  F igu re  136 p r e s e n t s  a t y p i c a l  photograph o f  t h e s e  areas. 
D i a m e t r a l  growth measurements were taken  a t  t h e  1 4  l o c a t i o n s  
shown i n  F i g u r e  137. The t e s t  r o t o r  w a s  a c c e l e r a t e d  t o  2 2 , 0 0 0  rpm, 
braked  t o  a s t o p ,  t h e  d i a m e t r a l  measurements t aken ,  and t h e  rotor then  
r e a c c e l e r a t e d  t o  a h i g h e r  speed.  The p rocess  w a s  r epea ted  a t  i n c r e -  
I mental  speeds  u n t i l  ro tor  f a i l u r e .  
T h e  t es t  specimen b u r s t  a t  95 ,000  rpm, which was above t h e  pre-  
d i c t e d  range  o f  75,000 t o  8 1 , 0 0 0  rpm. A s  i n d i c a t e d  by F igu re  138,  
y i e l d i n g  of  t h e  r o t o r  commenced a t  83 ,000  rpm, and a t o t a l  d i a m e t r a l  
growth of 0 . 0 0 1  t o  0.0015 i n .  occu r red  p r i o r  t o  r o t o r  b u r s t .  
I n s p e c t i o n  of  t h e  b u r s t  r o t o r  segments i n d i c a t e d  t h a t  t h e  SAE 
4 3 4 0  p o l e  p i e c e s  had s e p a r a t e d  from t h e  Incone l  718 c e n t e r  s e c t i o n  
1 dur ing  b u r s t .  Stress and the rma l  a n a l y s i s  p r e d i c t i o n s  i n d i c a t e d  t h a t  
the maximum stresses would occur  a t  t h e  t h i c k  s e c t i o n s  o f  t h e  p o l e  
p i e c e s  n e a r  t h e  c e n t e r l i n e  of  t h e  r o t o r  and work outward t o  t h e  end 
of t h e  p o l e  p i e c e s .  The f a i l e d  p a r t s  tended  t o  b e a r  t h i s  o u t .  Appar- 
e n t l y ,  t h e  t h i c k  s e c t i o n  of t h e  SAE 4340 p o l e  p i e c e s  began t o  y i e l d  
239 
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I locally, i n i t i a t i n g  f a i l u r e  i n  t h e  b r a z e  d i f f u s i o n  zone. This  
p r o g r e s s i v e l y  over loaded  t h e  4 3 4 0  d i f f u s i o n  zone o u t  t o  t h e  ends of 
t h e  p o l e  p i e c e s .  
I n  c o n c l u s i o n ,  t h e  BRU a l t e r n a t o r  r o t o r  t e s t  specimen b u r s t  a t  
9 5 , 0 0 0  rpm, an overspeed  c o n d i t i o n  of 2 6 4  p e r c e n t  of t h e  BRU design' '  
o p e r a t i n g  speed .  This  r e p r e s e n t s  a stress l e v e l  i n  t h e  r o t o r  of 
approximate ly  seven  t i m e s  d e s i g n  stress imply ing  r o t o r  o p e r a t i o n a l  
c a p a b i l i t i e s  f a r  i n  excess  of t h o s e  r e q u i r e d  by t h e  BRU program. 
6 . 2  Composite C a s t  Rotor  F a b r i c a t i o n  Program 
A t  t h e  s p e c i f i c  r e q u e s t  of  t h e  NASA BRU Program Manager, an 
a l t e r n a t e  r o t o r  f a b r i c a t i o n  t echn ique  w a s  i n v e s t i g a t e d .  B a t t e l l e  
Memorial I n s t i t u t e  ( B M I )  w a s  r e t a i n e d  under  s u b c o n t r a c t  N o .  019-50001-9 
t o  deve lop  composi te  c a s t i n g  t e c h n i q u e s .  The o b j e c t i v e s  of t h e  compos- 
i t e  c a s t i n g  program w e r e  t o  c a s t  BRU a l t e r n a t o r  r o t o r s  having  t h e  
f o l l o w i n g  d e s i r a b l e  p r o p e r t i e s :  
o Magnet ic  performance e q u a l  o r  s u p e r i o r  t o  t h e  b razed  
c o n f i g u r a t i o n  
0 Mechanical p r o p e r t i e s  e q u a l  o r  s u p e r i o r  t o  t h e  b razed  
c o n f i g u r a t i o n  
The  c o n t r a c t o r  s u p p l i e d  t h e  machined SAE 4340 magnet ic  p o l e  p i e c e s  t o  
B M I .  During t h e  cour se  of t h e  i n v e s t i g a t i o n s ,  BMI c a s t  t h r e e  r o t o r s  
u s ing  I N C O  718 a s  t h e  nonmagnetic p o l e  s e p a r a t o r .  I n  a d d i t i o n ,  two 
c a n d i d a t e  r o t o r s  w e r e  poured u s i n g  Mar t in  Metals  MAR-M211 a s  t h e  non- 
magnet ic  p o l e  s e p a r a t o r .  S a t i s f a c t o r y  r o t o r s  were produced u s i n g  
e i t h e r  I N C O  718 o r  MAR-M211.  Based on s i n g l e  specimen tes ts ,  t h e  
r o t o r  c a s t  of MAR-M211 e x h i b i t e d  s t r u c t u r a l  p r o p e r t i e s  s u p e r i o r  t o  
t h e  b a s e l i n e  b razed  r o t o r s  o r  t o  t h e  specimen composi te  ca s t  from 
I N C O  718 .  
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6 . 2 . 1  D e s c r i p t i o n  of Composite Cas t ing  P rocess  
I n  t h e  cast-bonding p r o c e s s ,  t h e  nonmagnetic a l l o y  i s  cas t  i n  
p r e c i s e l y  l o c a t e d  c a v i t i e s  formed by t h e  p o s i t i o n i n g  of t h e  magnet ic  
p o l e  end p i e c e s .  The o r i e n t a t i o n  of t h e  two 4340 p i e c e s  p r i o r  t o  
c a s t i n g  i s  shown i n  t h e  foreground of F i g u r e  139. T h e  mol ten  m a t e r i a l  
i s  c a s t  i n t o  t h e s e  c a v i t i e s  w i thou t  t u r b u l e n c e  i n  a nonox id iz ing  atmos- 
phe re .  
A t t e n t i o n  t o  mold mater ia ls  and c o n s t r u c t i o n ,  p r e h e a t  t i m e  and 
t empera tu re  and pour  t echn iques  a r e  c r u c i a l  t o  t h e  p r o d u c t i o n  of a 
vo id - f r ee  r o t o r  w i t h  t h e  r e q u i r e d  s t r u c t u r a l  and magnet ic  p r o p e r t i e s .  
BMI developed t h e s e  procedures  under Subcon t rac t  N o .  019-50001-9 .  
These p rocedures  and t echn iques  a r e  f u l l y  documented i n  Reference  1 0 .  
S i n c e  r o t o r  magnet ic  performance i s  d i r e c t l y  r e l a t e d  t o  t h e  
p e r c e n t a g e  of t h e  r e t a i n e d  a u s t e n i t e  i n  t h e  4340 s tee l  s e c t i o n ,  a 
h e a t - t r e a t  p r o c e s s  was d e r i v e d  t o  ach ieve  an  optimum combinat ion of 
I n c o n e l  718 ( o r  MAR-M211) and 4340 s tee l  s t r e n g t h  w i t h  minimum amount 
of  r e t a i n e d  a u s t e n i t e .  4340 s tee l  segments c u t  from t h e  end of each  
c a n d i d a t e  r o t o r  were tested t o  e v a l u a t e  t h e  e f f e c t  of  c a s t i n g  and h e a t -  
t r e a t m e n t  on t h e  amount of r e t a i n e d  a u s t e n i t e .  R e s u l t s  of a l l  t es t s  
conducted i n d i c a t e d  an e x c e l l e n t  bond between t h e  metals .  
h e a t  t r e a t  p r o c e s s  f o r  r o t o r s  N o .  3 and N o .  5 i s  t a b u l a t e d  
S o l u t i o n  H.T.  f o r  Nonmaqnetic Cas t  S e c t i o n  
2000°F/1-1/2 h r ;  vacuum: fan-cool  i n  a rgon  
1775'F/1-1/2 h r ;  vacuum; fan-cool  i n  a rgon  
700°F/2 h r ;  a i r : a i r - c o o l  
Aging Cycle  f o r  Nonmagnetic S e c t i o n  
1325'F/8 h r ;  fu rnace -coo l  100°F/hr t o  1150'F 
1150°F/8 h r ;  a i r - c o o l  
246  
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( c )  Heat T r e a t  f o r  4340 Sec t ion  
Prehea t  1 1 5 O O F  ( s o a k ) ;  1400°F/1-1/2 h r ;  oil-quench 
Temper 925'F/2 h r ;  a i r - coo l  
Temper 925'F/2 h r ;  a i r - coo l  
Hardness checks on t h e  h e a t - t r e a t e d  r o t o r s  revea led  t h e  4 3 4 0  sec- 
t i o n s  had a Rockwell "C" hardness  of 37-38, and t h e  nonmagnetic sec- 
t i o n s  were c h a r a c t e r i s t i c a l l y  Rockwell 'IC"' 31-32. 
6 . 2 . 2  Composite Cast  Rotor T e s t  Program 
Two cand ida te  r o t o r s  were machined t o  a s p e c i a l  c o n f i g u r a t i o n  f o r  
e l e c t r i c a l  t e s t i n g  i n  a Magnetic T e s t  Uni t  (MTU). A d e s c r i p t i o n  of 
t h e  MTU and i t s  u s e  i s  f u l l y  described i n  NASA Report CR-72564 ("1200- 
Hz Brayton E l e c t r i c a l  Research Components"). Following MTU t e s t i n g  
both  r o t o r s  were remachined t o  a s p e c i a l  s p i n  c o n f i g u r a t i o n  and w e r e  
w h i r l - p i t  t e s t e d  t o  determine s t r u c t u r a l  p r o p e r t i e s  a t  overspeed con- 
d i t i o n s .  The candida te  composite c a s t  r o t o r s  were des igna ted  a s  
fol lows:  
Rotor No.* Nonmagnetic Sepa ra to r  M a t e r i a l  
3 I N C O  718 
5 MAR-M2 11 
6 . 2 . 2 . 1  MTU Tes t inq  
The r e s u l t s  of t h e  MTU tes ts  f o r  Rotors Nos. 3 and 5 a r e  shown i n  
F igures  1 4 0  and 1 4 1 ,  r e s p e c t i v e l y .  Over-plotted on each of t h e  f i g u r e s  
i s  t h e  b a s e l i n e  performance of a r e p r e s e n t a t i v e  brazed r o t o r .  Based 
on these s i n g l e  specimen tes ts ,  there  seems t o  be l i t t l e  d i f f e r e n c e  
i n  t h e  s a t u r a t i o n  c h a r a c t e r i s t i c s  of MAR-M211 and I N C O  718. A compari- 
son of t h e  r e s u l t s  of both composite c a s t  r o t o r s  w i t h  t h a t  of t h e  base- 
l i n e  brazed c o n f i g u r a t i o n  p o i n t s  t o  some loss i n  magnetic performance. 
*Rotors 1, 2 and 4 were n o t  s u c c e s s f u l l y  cast  and w e r e ,  t h e r e f o r e ,  n o t  
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I 6 . 2 . 2 . 2  Composite Cast  Rotor Growth and B u r s t  T e s t  
Growth tes ts  were conducted on both candida te  composite cast 
r o t o r s .  P r i o r  t o  t e s t i n g ,  t h e  r o t o r s  were in spec ted  f o r  j o i n t  d i s -  
~ c o n t i n u i t y  by t h e  use of a 2-mil l ion v o l t  X-ray machine and by Zyglo. 
N o  d i s c r e p a n c i e s  were noted.  The j o i n t s  were then  s a t u r a t e d  wi th  a 
~ dye-penetrant  and v i s u a l l y  in spec ted  under a 15-power microscope. No 
i n d i c a t i o n s  of c racks  o r  vo ids  were found. F igu re  142 shows t h e  t y p i -  
c a l  composite-cast  r o t o r  s p i n  tes t  conf igu ra t ion .  Experience gained 
du r ing  t h e  s p i n  t e s t i n g  of t h e  b a s e l i n e  brazed r o t o r  suggested t h a t  
growth measurements should be taken  a t  speeds i n  excess of 60 ,000  rpm. 
P r i o r  t o  a c c e l e r a t i o n  t o  each t e s t  speed, and wi th  t h e  t es t  r o t o r  
' 
~ s t a b i l i z e d  t o  room temperature ,  t h e  1 4  d iameters  i n d i c a t e d  on Figure  
137 w e r e  measured and recarded.  During t h e  s p i n  tes t  of composite 
c a s t  Rotor N o .  3, t h e  f i rs t  s i g n i f i c a n t  d i ame t ra l  growth was observed 
a f t e r  a s p i n  t o  80,000 rpm. S ince  t h i s  growth occurred  a t  a much 
lower speed than  had been observed on t h e  b a s e l i n e  brazed  r o t o r ,  t h e  
t e s t i n g  was te rmina ted  and t h e  r o t o r  was sec t ioned  and m e t a l l u r g i c a l l y  
examined. The e a r l y  y i e l d i n g  of t h i s  tes t  r o t o r  w a s  a t t r i b u t e d  t o  
shr inkage  voids  i n  t h e  cast  I N C O  718 s e c t i o n s .  A complete metal lurgi-  
~ cal r e p o r t  of t h i s  r o t o r  i s  conta ined  i n  Appendix J. 
The f i r s t  s i g n i f i c a n t  d i ame t ra l  growth of Rotor N o .  5 (MAR-M211) 
occurred a t  1 0 5 , 0 0 0  rpm. This  r o t o r  b u r s t  a t  110,000 rpm. F igure  143 
shows t h e  fragmentated t e s t  r o t o r .  I n s p e c t i o n  of t h e  b u r s t  r o t o r  seg- 
ments i n d i c a t e d  t h a t  t h e  SAE 4340 p o l e  p i eces  had sepa ra t ed  from t h e  
r o t o r .  This  f a i l u r e  mode i s  i d e n t i c a l  t o  t h a t  experienced by t h e  base- 
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~ 7. BRU UPGRADE STUDIES 
7 . 1  I n t r o d u c t i o n  
The e lectr ic  power s y s t e m  requirements p r o j e c t e d  f o r  Space 
S ta t ion /Space  B a s e  appeared t o  be a p o t e n t i a l  a p p l i c a t i o n  f o r  t h e  BRU, 
i f  t h e  u n i t  could be modified to  produce 25-30 kwe gross  a l t e r n a t o r  
o u t p u t  w h i l e  o p e r a t i n g  wi th  a d e r a t e d  SNAP-8 r e a c t o r .  
' 
Short-t ime over load  tests conducted on t h e  BRU A l t e r n a t o r  
Research package conducted a t  LERC R e f .  (1) i n d i c a t e d  t h a t  t h e  e l e c t r o -  
magnetic des ign  o f  t h e  a l t e r n a t o r  w a s  adequate t o  m e e t  t h i s  r e q u i r e -  
ment. The a l t e r n a t o r  coo l ing  system, however, does n o t  have t h e  
c a p a b i l i t y  o f  hand l ing  t h e  a d d i t i o n a l  h e a t  loss i n  t h e  windings and 
t h e  e f f e c t s  of t h e  new system cond i t ions  on t h e  t h r u s t  bea r ing  were 
unknown. 
' 
A s tudy  e f f o r t  was, t h e r e f o r e ,  au tho r i zed  by NASA t o  determine 
t h e  f e a s i b i l i t y  o f  u p r a t i n g  t h e  BRU w i t h  minimum redes ign .  Spec i f -  
i c a l l y  t h e  s tudy  w a s  conducted t o  determine what mod i f i ca t ions  t o  t h e  
BRU would be r e q u i r e d  t o  provide  a u n i t  capable  of  d e l i v e r i n g  25-30 
kwe g ross  a l t e r n a t o r  o u t p u t  ( a t  u n i t y  power f a c t o r )  wh i l e  o p e r a t i n g  
a t  t h e  fo l lowing  cond i t ions :  
I 
Minimum Compressor Discharge P res su re  200 p s i a  
I Compressor I n l e t  Temperature 580°R 
Turbine  I n l e t  Temperature 1600 'R 
The s tudy  o b j e c t i v e  w a s  p r i m a r i l y  t o  redes ign  t h e  a l t e r n a t o r  , s t a t o r  ( f o r  reduced l o s s e s )  and provide s u f f i c i e n t  coo l ing  t o  l i m i t  
t h e  h o t  s p o t  tempera tures  t o  2 O O O C  (392OF) a t  30 kwe gross  a l t e r n a t o r  
o u t p u t  (0 .90  power f a c t o r ) .  The i n c r e a s e d  ou tpu t  a l t e r n a t o r  w a s  t o  be 
' provided wi thou t  changing t h e  b a s i c  r o t a t i n g  group, bea r ing  system, o r  
main housing assembly. 
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From t h e  Brayton  power c y c l e  s t a n d p o i n t ,  t h e  i n c r e a s e d  power 
o u t p u t  l e v e l  ( 3 0  kw,) can  b e  o b t a i n e d  by i n c r e a s i n g  t h e  sys tem oper-  
a t i n g  p r e s s u r e  l e v e l  t o  approximate 200 p s i a .  The p r e s e n t  BRU eng ine  
i s  des igned  t o  produce 10.5 kwe a t  a maximum system p r e s s u r e  l e v e l  of 
45 p s i a .  T h e r e f o r e ,  of n e c e s s i t y ,  t h e  e f f e c t s  of i n c r e a s e d  system 
p r e s s u r e  l e v e l  on t h e  f o l l o w i n g  areas were e v a l u a t e d :  
0 BRU h e r m e t i c a l l y - s e a l e d  p r e s s u r e  s t r u c t u r e s  ( sc ro l l s ,  
hous ing ,  e t c . )  
0 BRU g a s  b e a r i n g  performance and s t a b i l i t y  
I 0 Aerodynamic t h r u s t  loads 
7.2 A l t e r n a t o r  P r e l i m i n a r y  Redesign 
The f o l l o w i n g  m o d i f i c a t i o n s  w e r e  p h i l o s o p h i c a l l y  i n c o r p o r a t e d  
i n t o  a r e d e s i g n e d  BRU a l t e r n a t o r :  
0 A change i n  t h e  e x i s t i n g  a i r  gap 
0 L a r g e r  a rma tu re  conduc to r s  w i t h  i n c r e a s e d  area s l o t s  
I 
0 Ribbon t y p e  f i e l d  conduc to r s  
I 
I 0 Gaseous c o o l i n g  of  a l t e r n a t o r  r o t o r  
o A d d i t i o n  of l i q u i d  c o o l a n t  i n  a l t e r n a t o r  end b e l l s  
E s t i m a t e d  BRU a l t e r n a t o r  e l e c t r o m a g n e t i c  losses and r e s u l t a n t  
g e n e r a t o r  e f f i c i e n c i e s  f o r  o u t p u t  power l e v e l s  t o  30.0 kwe (P .F .  = 1 . 0 )  
are p r e s e n t e d  i n  Tab le  1 7 .  These e x t r a p o l a t e d  losses a re  based  on 
NASA-LeRC t e s t  d a t a  s u p p l i e d  t o  t h e  c o n t r a c t o r  ( t e s t i n g  t e r m i n a t e d  
a t  1.25 p e r  u n i t  = 13.4 kwe). Table  1 8  p r e s e n t s  t h e  c o n t r a c t o r ' s  
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TABLE 1 7  
BRU ALTERNATOR ELECTROMAGNETIC LOSSES,  EXTRAPOLATED DATA 
O u t p u t ,  kwe ( P . F .  = 1 . 0 )  
A r m a t u r e  copper losses, wat ts  
F i e l d  copper losses, w a t t s  
S t r a y  losses, wat t s  
C o r e  losses, w a t t s  
T o t a l  losses, w a t t s  
Generator e f f i c i e n c y  = 
10.7 
112 .0  
25.5 
280.0 
320  .O 
737.5 
0.935 






0 .924  
20  .o 25.0 30.0 
445.0 730.0 1090 .0  
105.0 270.0 760.0 
1180.0 1970 .0  3000 .0  
320.0 320.0 320.0 
2050.0 3290.0 5170 .0  
0 .908  0 .884  0 .854  
P o w e r  o u t  
P o w e r  o u t  + losses 
TABLE 1 8  
PREDICTED ALTERNATOR ELECTROMAGNETIC LOSSES,  REDESIGNED STATOR 
O u t p u t ,  kw ( P . F .  = 1 . 0 )  e 
A r m a t u r e  copper losses,  w a t t s  
F i e l d  copper losses, w a t t s  
S t r a y  losses, w a t t s  
C o r e  losses ,  w a t t s  
T o t a l  losses,  w a t t s  






736.0 1 0 7 7 . 3  
0.935 0 .934 
20 .o 
2 5 8  .O 








1600 .0  2400 .0  
388.0 3 8 8 . 0  
2557 .0  3625 .0  
0 .908  0 . 8 9 4  
I P o w e r  o u t  
P o w e r  o u t  + losses 
2 5 7  
p r e d i c t e d  e l e c t r o m a g n e t i c  losses based  on t h e  proposed r edes igned  
a l t e r n a t o r  s t a t o r .  
be  5170 w a t t s  f o r  t h e  p r e s e n t  BRU a l t e r n a t o r  (Table  1 7 ) .  The proposed 
r e d e s i g n  would presumably reduce  t h e s e  losses t o  3625 w a t t s  ( T a b l e  1 8 )  
The small i n c r e a s e  i n  s t a t o r  dimensions ( r a d i a l )  t o  a f f e c t  a more 
e f f i c i e n t  a l t e r n a t o r  d e s i g n  i s  shown i n  F i g u r e  144. The expec ted  
i n c r e a s e  i n  a l t e r n a t o r  e f f i c i e n c y  and a p l o t  of t h e  e l e c t r o m a g n e t i c  
losses, as a f u n c t i o n  of g r o s s  a l t e r n a t o r  o u t p u t ,  can  be  found i n  
F i g u r e s  1 4 5  and 1 4 6 .  I t  shou ld  be no ted  t h a t  i n  F i g u r e  1 4 6  ( a l s o  
fo l lowing  F i g u r e s  147, 148, and 1 4 9 )  t h e  t h e o r e t i c a l  a l t e r n a t o r  losses 
f o r  t h e  p r e s e n t  BRU ( 2 . 2 5  - 1 0 . 7  kw,) are shown on t h e  l e f t - h a n d  s i d e .  
These c a l c u l a t e d  losses were based  on t h e  f o l l o w i n g :  
Note t h a t  t h e  e s t i m a t e d  l o s s e s  a t  3 0 . 0  kwe would 
o Turb ine  I n l e t  Temperature  ( T 6 )  - 206OOR 
o Compressor I n l e t  Temperature  (T1) - 540°R 
0 A l t e r n a t o r  Power F a c t o r  - 0.85 ( l a g g i n g )  
I n  a l i k e  manner, t h e  p r e d i c t e d  a l t e r n a t o r  losses are  shown on 
t h e  r i g h t  s i d e  of t h e  f i g u r e s  f o r  t h e  r edes igned  a l t e r n a t o r ,  t h e  
s p e c i f i c  range  of i n t e r e s t  (15  - 30 kwe),  and f o r  t h e  f o l l o w i n g  c y c l e  
s t a t e  p o i n t s :  
o Turb ine  I n l e t  Temperature ( T 6 )  - 1600 'R  
0 Compressor I n l e t  Temperature  (T1) - 5 8 O O R  
0 A l t e r n a t o r  Power F a c t o r  - 1 . 0  
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7 .3  A l t e r n a t o r  Rotor  Windage Losses  ( a t  Higher Power L e v e l s )  
T o  o b t a i n  t h e  p r e d i c t e d  t o t a l  a l t e r n a t o r  losses some assessment  
m u s t  b e  made of t h e  r o t o r  windage l o s s e s  t o  be  encoun te red  a t  t h e  de- 
s i r e d  h i g h e r  o u t p u t  l e v e l s .  Those windage losses a r e  of  t h e  order of 
650 w a t t s  a t  1 0 . 7  kwe (0 .85  P . F . ,  T /T = 0 . 2 6 2 )  f o r  t h e  p r e s e n t  
BRU and are a d i r e c t  f u n c t i o n  of t h e  a l t e r n a t o r  c a v i t y  a b s o l u t e  p r e s -  
s u r e  ( e q u a l s  compressor  d i s c h a r g e  p r e s s u r e  i n  t h e  BRU mach ine ) .  " O f f  
d e s i g n "  computer s t u d i e s  f o r  t h e  BRU machine aerodynamics , o p e r a t i n g  
a t  a T 
cha rge  p r e s s u r e  w i l l  va ry  from 93.5 p s i a  a t  15.0 kw t o  1 9 2 . 0  p s i a  a t  
3 0 . 0  kw,. 
and p r e d i c t e d  a l t e r n a t o r  windage losses appea r s  in Figures 1 4 7  and 
148,  r e s p e c t i v e l y .  
1 6  
of 1600'H and a T1 of 580°R, show t h a t  t h e  compressor  d i s -  6 
e 
The p l o t s  f o r  i n t e r m e d i a t e  compressor  d i s c h a r g e  p r e s s u r e  
7 . 4  A l t e r n a t o r  Combined Losses and S t a t o r  Cool ing  Methods 
The p r e d i c t e d  BRU a l t e r n a t o r  combined l o s s e s  ( a l t e r n a t o r  e l e c t r o -  
magne t i c  losses p l u s  r o t o r  windage losses) are  shown on F i g u r e  1 4 9 .  
T h i s  f i g u r e  d r a m a t i c a l l y  i l l u s t r a t e s  t h e  magnitude of t h e  h e a t  manage- 
ment  problems t o  b e  encoun te red  a t  h i g h e r  power l e v e l s .  For  example,  
a t  a 1 0 . 7  kwe g r o s s  a l t e r n a t o r  o u t p u t  l e v e l ,  t h e  p r e s e n t  BRU c o o l i n g  
sys tem i s  adequa te  t o  m a i n t a i n  a t e m p e r a t u r e  of approx ima te ly  375OF i n  
t h e  a rma tu re  and t u r n s  w i t h  a h e a t  i n p u t  ( t o t a l  combined losses) of 
1400 w a t t s .  From F i g u r e  1 4 9  i t  can be s e e n  t h a t  t h e  combined a l t e r n a t c  
l o s s e s  a t  30 kw,, even  a t  u n i t  power f a c t o r  w i l l  be  approx ima te ly  
5800 w a t t s .  T h i s  combined loss v a l u e  i s  comprised o f :  
0 A l t e r n a t o r  E l e c t r o m a g n e t i c  Losses  - 3625 w a t t s  
0 Rotor  Windage Losses 
T o t a l  
- 2175 w a t t s  
5800 w a t t s  
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T h e o r e t i c a l l y ,  t h e  a l t e r n a t o r  e l e c t r o m a g n e t i c  losses have a l r e a d y  
been reduced  t o  t h e i r  l o w e s t  v a l u e  as mentioned i n  7 . 2 .  T h e r e f o r e  any 
r e l i e f  i n  t h e  a l t e r n a t o r  c o o l i n g  problem must b e  accomplished by 
j u d i c i o u s l y  managing t h e  h e a t  g e n e r a t e d  by t h e  ro to r  windage losses. 
The e f f e c t s  of these losses can  be minimized by i n t r o d u c i n g  t h e  2 per -  
c e n t  compressor  b l e e d  f low i n t o  a c e n t e r  (0 .030  i n c h  w i d e )  s l o t  pro- 
v ided  i n  t h e  s t a t o r  l a m i n a t i o n s  as shown i n  F i g u r e  1 5 0 .  T h i s  b l e e d  
flow w i l l  be coo led  t o  lOOOF by a s m a l l  a u x i l i a r y  cooler ( F i g u r e  151) 
and w i l l  r e q u i r e  0 . 1 2  l b  p e r  sec of 70°F D o w  Corning DC-200 c o o l a n t .  
Other  a l t e r n a t o r  s t a t o r  c o o l i n g  m o d i f i c a t i o n s  would c o n s i s t  o f  t h e  
f o l l o w i n g :  
0 Stator end bell coolant  pas sages  to provide h e a t  s i n k s  for 
a x i a l  h e a t  f low 
o Highly  conduc t ive  shaped r o t o r  sh rouds  f a b r i c a t e d  by 
Coors B D - 9 9 5  B e r y l l i a  Oxide C e r a m i c  t o  p r o v i d e  a l o w  re- 
s i s t a n c e  convec t ion-conduct ion  p a t h  from t h e  ro tor  t o  t h e  
end b e l l  h e a t  s i n k s  
0 Ber lon  S20-Ml ( S i l i c o n e  compound w i t h  68 p e r c e n t  dense  
b e r y l l i u m  o x i d e  mic rosphe res )  p o t t i n g  compound around 
I s t a t o r  end t u r n s  j u n c t u r e d  t o  t h e  h e a t  s i n k  end b e l l s .  
The main hous ing  a l t e r n a t o r  c o o l i n g  j a c k e t  w i l l  s t i l l  r e q u i r e  
t h e  s p e c i f i e d  0 . 1 2  l b / s e c  o f  DC-200 f l u i d  (70°F i n l e t ) .  An a d d i t i o n -  
a l  0 . 1 2  l b s / s e c  of DC-200 w i l l  b e  s p l i t  between t h e  t w o  a l t e r n a t o r  
s t a t o r  end b e l l s .  T h i s  flow coupled  w i t h  t h e  0 . 1 2  l b s / s e c  f o r  t h e  
b l e e d  flow sub-coo le r  r e s u l t s  i n  a t o t a l  o f  0.24 l b s / s e c  of a d d i t i o n -  
a l  DC-200 t o  h a n d l e  t h e  c o o l i n g  f o r  t h e  h i g h e r  o u t p u t  power l e v e l s  
b e i n g  i n v e s t i g a t e d .  
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1 7 . 5  Redes igned  BRU A l t e r n a t o r  S t a t o r  - P r e l i m i n a r y  Thermal  A n a l y s i s  
The s c h e m a t i c  o f  t h e  r e d e s i g n e d  s t a t o r  a s  shown i n  F i g u r e  1 5 2  
D o w  C o r n i n g  D C - 2 0 0  flows i n  s p i r a l  r e c t a n g u l a r  c h a n n e l s  0 . 2  x 0 . 2 5  i n .  
a round  t h e  o u t e r  s u r f a c e s  o f  t h e  a l t e r n a t o r  and  acts  as a h e a t  s i n k .  
The  f low r a t e s  o f  t h e  c o o l a n t  a r e  i n d i c a t e d  on F i g u r e  152, as w e l l  as  
F i g u r e  1 5 0 .  Helium-Xenon b l e e d  gas f l o w  t a k e n  f rom t h e  c o m p r e s s o r  
d i s c h a r g e  and  s u b c o o l e d  t o  a p p r o x i m a t e l y  lOOOF i n  a s p e c i a l  h e a t  
e x c h a n g e r  ( F i g u r e  151) f l o w s  t h r o u g h  t h e  gap  be tween  t h e  ro to r  and  t h e  
s t a t o r .  The f l o w  r a t e s  of t h e  b l e e d  g a s  f l o w  are  l i s t e d  i n  T a b l e  1 9  
f o r  t h e  t h r e e  power l e v e l s  i n v e s t i g a t e d .  
The cross s e c t i o n  d e p i c t e d  i n  F i g u r e  1 5 2  w a s  d i v i d e d  i n t o  nodes  
Which w e r e  c o n n e c t e d  by  t h e  a p p r o p r i a t e  t h e r m a l  r e s i s t a n c e s .  The h e a t  
losses  l i s t e d  i n  T a b l e  1 9  were i n c l u d e d  i n  t h e  n o d a l  ne twork  as  h e a t  
s o u r c e s .  A s t e a d y  s t a t e  t h e r m a l  a n a l y z e r  d i g i t a l  compute r  program w a s  
u sed  t o  o b t a i n  t h e  tempera tures  shown on F i g u r e  1 5 2 .  I t  s h o u l d  b e  
Lozed t h a t  t h r e e  t e m p e r a t u r e s  a r e  l i s t e d  a t  e a c h  p a r t i c u l a r  node of 
k n t e r e s  t .  
t e m p e r a t u r e  c o r r e s p o n d  t o  30 kw 
L e v e l s ,  r e s p e c t i v e l y .  
I 
The uppe r  t e m p e r a t u r e  , t h e  m i d d l e  t e m p e r a t u r e  and  t h e  lower 
2 5  kw,, and  1 5  kwe g r o s s  o u t p u t  power e '  
. 6  I n t e r p r e t a t i o n  of P r e l i m i n a r y  Thermal  A n a l y s e s  P 
The p r e l i m i n a r y  t h e r m a l  a n a l y s e s  c o n d u c t e d  r e p r e s e n t s  a f i r s t - c u t  
approach  c o n s i s t a n t  w i t h  t h e  o v e r a l l  minimal  e f f o r t  s t u d y .  O f  n e c e s -  
s i t y ,  a d i a b a t i c  b o u n d a r i e s  'were assumed a t  e a c h  e n d  of  t h e  r o t o r .  
E x p e r i e n c e  h a s  shown t h a t  t e m p e r a t u r e s  so c a l c u l a t e d  ( u s i n g  a d i a b a t i c  
3 o u n d a r i e s )  t e n d  t o  b e  on t h e  l o w  s i d e .  By way o f  example ,  F i g u r e  
153 r e f l e c t s  t w o  s e p a r a t e  t h e r m a l  a n a l y s e s  o f  t h e  a c t u a l  BRU a l t e r n a -  
t o r .  The t e m p e r a t u r e  i s o b a r s  shown h e a v i l y  d o t t e d  r e p r e s e n t  a f i r s t  
x t  a t  t h e  a l t e r n a t o r  t e m p e r a t u r e  d i s t r i b u t i o n s  c o n s i d e r i n g  a d i a -  
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TABLE 1 9  
REDESIGNED BRU ALTERNATOR STATOR 
LOSS SUMMARY ASSUMED FOR THERMAL ANALYSES 
( A l l  Losses i n  Watts) 
O u t p u t ,  kwe (P .F .  = 1.0)  
Back i r o n  
T o o t h  i r o n  
F i e l d  
*Armature  copper 
S t r a y s ,  r o t o r  surface 
S t r a y s ,  arm copper 
Windage 
1 5  
2 3 3  
155  
64.3 













2 3 3  




9 0 0  
2187 
Bleed gas f l o w  r a t e ,  lb/sec 0 .062  0 . l o 5  0 .138  
*Copper l o s s  i s  propor t iona l  t o  tempera ture  
Above values assume T = 350°F 
A c t u a l  t e m p e r a t u r e s  are used t o  d e t e r m i n e  t h e  armature copper losses 
(L) a c c o r d i n g  t o :  
3 9 0  + tnew 
3 9 0  + told 
- 
Lnew - L o l d  
2 7 2  
( 
assumed f o r  t h i s  s t u d y .  Superimposed on F i g u r e  153 i s  t h e  f i n a l  
p r e d i c t e d  t empera tu re  d i s t r i b u t i o n  o f  t h e  f u l l y  i n t e g r a t e d  BRU machine 
(see F i g u r e  7 7 ) .  These p r e d i c t e d  t empera tu res  of t h e  BRU have been 
found t o  be  i n  f a i r l y  good agreement  w i t h  t e m p e r a t u r e s  measured by t h e  
NASA a t  t h e i r  L e w i s  Research Cen te r .  I n s p e c t i o n  of F i g u r e  153 would 
l e a d  one t o  b e l i e v e  t h a t  t h e  t empera tu res  shown on F i g u r e  152 ( a d i a -  
b a t i c  boundar i e s )  s h o u l d  b e  i n c r e a s e d  by approximate ly  1 0  p e r c e n t .  
T h i s  i n c r e a s e  would accoun t  f o r  a d d i t i o n a l  h e a t  i n p u t s  from t h e  g a s  
b e a r i n g / r o t o r  areas,  as  w e l l  as h e a t  conducted a l o n g  t h e  BRU s t r u c t u r e .  
Four t e m p e r a t u r e s  of s p e c i a l  i n t e r e s t  ( g e n e r a l  l o c a t i o n  shown on 
F igu re  1 5 4 )  are  t h e r e f o r e  p r o j e c t e d  on F i g u r e  155. These are  based  on 
a 10 -pe rcen t  increase of t h e  a d i a b a t i c  boundary s o l u t i o n  t e m p e r a t u r e s  
r e s u l t i n g  from t h e  a l t e r n a t o r  p r e l i m i n a r y  the rma l  a n a l y s e s .  These f o u r  
empera tu res  are d e s i g n a t e d  as f o l l o w s :  i 
1 A l t e r n a t o r  Rotor H o t  Spo t  
32 S t a t o r  S l o t  H o t  Spot  
38 S t a t o r  End t u r n s  H o t  Spo t  
* Turb ine  J o u r n a l  Pad i 
The co r re spond ing  t e m p e r a t u r e s ,  p l o t t e d  f o r  a l t e r n a t o r  o u t p u t s  from 
2.25 t o  10 .5  kwe, are t a k e n  from F i g u r e s  73, 75, and 77. These are 
inc luded  t o  show t r e n d s  and demons t r a t e  t h e  s i g n i f i c a n t l y  lower t e m -  
p e r a t u r e s  t h a t  can  b e  r e a l i z e d  i f  t h e  a l t e r n a t o r  s t a t o r  i s  r edes igned  
and more a d e q u a t e l y  coo led .  
I t  i s  a p p a r e n t  from F i g u r e  156  t h a t  an o u t p u t  o f  approx ima te ly  
25.0 kwe cou ld  b e  r e a l i z e d  from a r e d e s i g n e d  BRU a l t e r n a t o r  w h i l e  
l i m i t i n g  t h e  s t a t o r  winding h o t  s p o t  t empera tu re  t o  400'F. 
I 
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7.7 Advantages of  Aerodynamic Component Matching f o r  1600OK Turb ine  
I n l e t  Temperature (Dera ted  SNAP-8 Cond i t ion )  
7 . 7 . 1  A l t e r n a t o r  Rotor Windaqe Reduct ion 
The BRU aerodynamics (compressor  and Turb ine )  were des igned  t o  
o p e r a t e  a t  peak e f f i c i e n c y  a t  a t empera tu re  r a t i o  of 0.262 (540°R/ 
2 0 6 0 O F ) .  Forc ing  t h e  BRU t o  r u n  a t  an o f f - d e s i g n  t e m p e r a t u r e  r a t i o  
of  0.3625 (580°R/16000R) p e n a l i z e s  bo th  t h e  t u r b i n e  and compressor 
component e f f i c i e n c i e s .  The r e s u l t a n t  r e d u c t i o n  i n  c y c l e  e f f i c i e n c y  
a t  any o u t p u t  power l e v e l  has  t o  be  o f f s e t  by i n c r e a s i n g  t h e  ove ra l l  
system p r e s s u r e  l eve l .  Cycle  s t u d i e s  confirmed t h a t  t h i s  t r e n d  cou ld  
be  r e v e r s e d  by i n c r e a s i n g  t h e  t u r b i n e  p r e s s u r e  r a t i o .  T h i s  i s  accom- 
p l i s h e d  by i n c r e a s i n g  t h e  compressor i m p e l l e r  d i ame te r .  Table  20  
shows t h e  s i g n i f i c a n t  r e s u l t s  of i n c r e a s i n g  t h e  compressor  impeller 
from 4.25 i n .  t o  4.80 i n .  d i ame te r .  The 4.80 i n .  d i a m e t e r  compressor 
would be an e x a c t  1.13:l scale (4.80/4.25) of  t h e  e x i s t i n g  BRU 
i m p e l l e r  ( i n c l u d i n g  a l l  d i f f u s e r  and s c r o l l  d imens ions ) .  Thus w i t h o u t  
r e s o r t i n g  t o  any a n a l y t i c a l  aerodynamic d e s i g n ,  a d i r e c t l y  s c a l e d  BRU 
compressor impeller w i l l  i n c r e a s e  t h e  e x i s t i n g  t u r b i n e  e f f i c i e n c y  by 
1.24 p o i n t s  across t h e  power l e v e l  range  and w i l l  i n c r e a s e  t h e  com- 
p r e s s o r  e f f i c i e n c y  by 2.27 p o i n t s  across t h e  same range .  I t  i s  e v i -  
d e n t  t h a t  t h e  o v e r a l l  e f f i c i e n c y  of t h e  Brayton power s y s t e m  would 
a lso  i n c r e a s e ;  however, o f  more impor tance  i n  c o n s i d e r i n g  t h e  BRU f o r  
h i g h e r  power l e v e l s  i s  t h e  coresponding  r e d u c t i o n  i n  compressor d i s -  
charge  p r e s s u r e  ( ro to r  c a v i t y  ambient  p r e s s u r e )  and i t s  r e s u l t a n t  
r e d u c t i o n  of a l t e r n a t o r  windage losses.  These changes are g r a p h i c a l l y  
p o r t r a y e d  i n  F i g u r e s  1 5 6 ,  157,  and 158. The windage loss r e d u c t i o n  
amounts t o  abou t  300 w a t t s  a t  15.0 kw o u t p u t  t o  6 0 0  w a t t s  a t  3 0 . 0  
kwe gross a l t e r n a t o r  power o u t p u t .  I t  s e e m s  obvious t h a t  t h e  a l t e r -  
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, 7 . 7 . 2  N e t  Aerodynamic T h r u s t  Reduct ion 
I n c r e a s i n g  t h e  compressor i m p e l l e r  d i ame te r  t o  4 . 8 0  i n .  h a s  an  
a d d i t i o n a l ,  and v e r y  i m p o r t a n t ,  impact  on t h e  u p r a t e d  BRU performance.  
By way of i n t r o d u c t i o n ,  F i g u r e  159 p r e s e n t s  t h e  p r e d i c t e d  BRU t h r u s t  
b e a r i n g  load  c a p a c i t y  f o r  b e a r i n g  c a v i t y  ambient  p r e s s u r e s  of  from 40 
t o  2 0 0  p s i a .  Tha t  t h e  d a t a  reduces t o  a s i n g l e  cu rve  means t h e  l u b r i -  
c a n t  f i l m  i s  v i r t u a l l y  incompress ib l e  a t  t h e s e  p r e s s u r e s .  Some judg- 
ment must be  exercised i n  c o n v e r t i n g  t h i s  i d e a l i z e d  performance i n t o  
r e a l i s t i c  (due  t o  the rma l  d i s t o r t i o n s ,  e t c . )  performance.  Superim- 
posed on F i g u r e  159 are  p r e d i c t e d  and measured performance da t a  of 
t h i s  p re loaded  p a i r  of t h e  BRU t h r u s t  p l a t e s .  Th i s  t e s t i n g  w a s  con- 
d u c t e d  a t  t h e  c o n t r a c t o r ' s  f a c i l i t y  u s i n g  a rgon  l u b r i c a n t  ( 2 5 . 1  p s i a ,  
2 5 0 ' F ) .  Th i s  i n f o r m a t i o n  i s  p r e s e n t e d  on ly  t o  demons t r a t e  t h a t  
i d e a l i z e d  g a s  t h r u s t  b e a r i n g  performance i s  ex t r eme ly  d i f f i c u l t  t o  
r e a l i z e .  Thus,  even under  t h e  most o p t i m i s t i c  c o n d i t i o n s ,  t h e  p r e s e n t  
BRU t h r u s t  b e a r i n g  c a n n o t  hand le  t h e  a d d i t i o n a l  p r e d i c t e d  t h r u s t  
l o a d i n g .  
Much a n a l y t i c a l  e f f o r t  w a s  expended, d u r i n g  t h e  conduct  of t h i s  
s t u d y ,  t o  a c c u r a t e l y  p r e d i c t  t h e  a n t i c i p a t e d  BRU n e t  aerodynamic 
t h r u s t  l o a d s  a t  h i g h e r  power l eve l s .  The r e s u l t s  of t h e s e  e f f o r t s  
are  shown i n  F i g u r e  160. A n a l y t i c a l  t h r u s t  p r e d i c t i o n s  f o r  t h e  
p r e s e n t  BRU ( o p e r a t i n g  i n  i t s  d e s i g n  reg ime)  are shown t o  r a n g e  from 
9 t o  3 1  l b  ( towards  t h e  t u r b i n e )  f o r  a power r ange  of 2.25 t o  10.5 . 
kwe. 
from 6 0  t o  1 7 2  l b  ( towards  t h e  t u r b i n e )  over  t h e  d e s i r e d  power o u t p u t  
r ange  of 10 .5  t o  30  kw,. 
kwe i s  due  t o :  
i n l e t  t empera tu re ,  and ( 2 )  s e v e r e  o f f - d e s i g n  aerodynamic f low i n  bo th  
t h e  compressor  i m p e l l e r  and t u r b i n e  wheel .  I t  i s  obvious  t h a t  t h e  
p r e s e n t  BRU t h r u s t  b e a r i n g  c a n n o t  hand le  t h e s e  i n c r e a s e d  t h r u s t  l o a d s  
due  t o  t h e  change i n  t empera tu re  r a t i o .  The above a p p l i e s  o n l y  i f  
A n a l y t i c a l  p r e d i c t i o n s  a l s o  show t h a t  t h e  t h r u s t  would r ange  
The d i s c o n t i n u i t y  a t  approx ima te ly  10.913 
(1) i n c r e a s e d  system p r e s s u r e  due  t o  lower t u r b i n e  
2 8 1  
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t h e  compressor  i m p e l l e r  d i a m e t e r  remains  a t  i t s  p r e s e n t  d i a m e t e r  of 
4.25 i n .  R e f e r r i n g  a g a i n  t o  F i g u r e  1 6 0 ,  n o t e  t h e  g r e a t  r e d u c t i o n  i n  
unbalanced aerodynamic t h r u s t  which can  be  r e a l i z e d  by t h e  s i m p l e  
e x p e d i e n t  of changing  t h e  compressor i m p e l l e r  d i a m e t e r  t o  4.80 i n .  
The n e t  aerodynamic t h r u s t  becomes e s s e n t i a l l y  ba l anced  o v e r  t h e  
comple t e  power o u t p u t  spec t rum . 
F i g u r e  1 6 1  i s  i n c l u d e d  t o  show t h e  s m a l l  d i f f e r e n c e  i n  o v e r a l l  
l e n g t h  and w e i g h t  of a BRU ro to r  equipped w i t h  a 4.80 i n .  d i a m e t e r  
compressor i m p e l l e r .  These small changes w i l l  n o t  a d v e r s e l y  e f f e c t  
t h e  dynamic o p e r a t i o n  of t h e  r o t a t i n g  group.  
I n  summation t h e n ,  t h e  case f o r  i n c r e a s i n g  t h e  diameter of t h e  
compressor  i m p e l l e r  t o  4.80 i n .  i s  t h a t  it w i l l  p r o v i d e :  
0 L o w e r  compressor  d i s c h a r g e  p r e s s u r e  a t  a l l  power o u t p u t  
l e v e l s  
0 Lower a l t e r n a t o r  windage losses 
0 Improved compressor  and t u r b i n e  e f f i c i e n c i e s  a t  a l l  
o u t p u t  l e v e l s  
0 E s s e n t i a l l y  ba l anced  aerodynamic t h r u s t  l o a d s  ove r  wide 
power o u t p u t  l e v e l s  
7 .8  Misce l l aneous  I n v e s t i g a t i o n s  
7 . 8 . 1  J o u r n a l  Bea r ing  Pad Performance and S t a b i l i t y  C r i t e r i a  
Single-pad  j o u r n a l  b e a r i n g  load c a p a c i t i e s  are e x h i b i t e d  on 
F i g u r e  162  f o r  t h e  r a n g e  of o u t p u t  power l eve ls  of i n t e r e s t .  T h i s  
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w i l l  i n c r e a s e  as a f u n c t i o n  of bo th  c a v i t y  p r e s s u r e  and l u b r i c a n t  
t empera tu re .  The d o t t e d  l i n e s  r e p r e s e n t  t h e  e q u i v a l e n t  f l e x u r a l  
mount t o  pad s p r i n g  r a t e  which i s  produced by having  one pad r e s i l i -  
e n t l y  s p r i n g  mounted by a low s p r i n g  r a t e  beam. The p r e s e n t  BRU h a s  
a r e s i l i e n t  mount s p r i n g  ra te  of 2000 l b / i n .  A l s o  shown (shaded)  
a r e  a r e a s  of i n s t a b i l i t y  which have been d e f i n e d  i n  a p r e v i o u s  NASA 
c o n t r a c t ,  and r e p o r t e d  i n  NASA Report  CR-54939. The i n t e r s e c t i o n  of 
t h e  d o t t e d  f l e x u r a l  mount t o  pad s p r i n g  r a t e  and t h e  load  c a p a c i t y  
curve  p r e d i c t s  t h e  s t e a d y - s t a t e  pad o p e r a t i n g  load  and p i v o t a l  f i l m  
t h i c k n e s s .  Th i s  i n t e r s e c t i o n  should  always be t o  t h e  l e f t  of t h e  
s t a b i l i t y  b a r r i e r  f o r  v e r t i c a l  o r  zero-g r o t o r  o p e r a t i o n .  Thus,  a t  
a BRU o u t p u t  power l e v e l  of 1 0 . 9 1  kwe, t h e  s t e a d y - s t a t e  pad load  and 
p i v o t a l  c l e a r a n c e  are  14 .5  l b  and 0 .68  m i l ,  r e s p e c t i v e l y .  A t  t h e  
h i g h e r  power l e v e l s ,  t h e  i n t e r s e c t i o n  of t h e  d o t t e d  s p r i n g  cu rve  
( 2 0 0 0  l b / i n . )  and load  c a p a c i t y  cu rves  f a l l s  i n  t h e  u n s t a b l e  r e g i o n  
for v e r t i c a l  r o t o r  o r  zero-g BRU o p e r a t i o n .  One way t o  e f f e c t i v e l y  
coun te r  t h i s  t r e n d  i s  t o  doub le  t h e  s p r i n g  r a t e  of t h e  r e s i l i e n t  
mount, t he reby  p l a c i n g  all e q u i l i b r i u m  o p e r a t i n g  p o i n t s  t o  t h e  l e f t  
of t h e  s t a b i l i t y  b a r r i e r .  A s  can  b e  seen ,  t h e  i n i t i a l  clamped pad 
p r e l o a d  ( a t  z e r o  speed)  remains t h e  same. Th i s  s imple  change should  
promote s t a b l e  g a s  j o u r n a l  b e a r i n g  o p e r a t i o n  a t  t h e  h i g h e r  (15-30 kwe) 
p o w e r  levels. 
7 . 8 . 2  P r e d i c t e d  Performance of 4.80 i n .  Compressor BRU a t  2060'R 
Turbine  I n l e t  Temperature 
Table  21 p r e s e n t s  t h e  estimated performance of a BRU,  equipped 
w i t h  a 4 . 8 0  i n .  d i a n e t e r  compressor i m p e l l e r ,  o p e r a t i n g  a t  t h e  
o r i g i n a l  i s o t o p e  c o n d i t i o n s  ( T  6 
p r e s s u r e  d rop  parameter ,  B ,  i s  n o t  known e x a c t l y ,  performance i s  
shown f o r  two v a l u e s  ( 0 . 9 2  and 0.96) f o r  a g r o s s  o u t p u t  power range  
from 6.39 t o  3 0 . 0  kwe. 
e f f ic ienc ies  even though mismatching o c c u r s  a t  t h i s  t empera tu re  r a t i o .  
= 2 0 6 0 ° R ,  T1 = 540"R).  S i n c e  t h e  
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T h e r e f o r e ,  a BRU equipped w i t h  a r edes igned  a l t e r n a t o r  s ta tor  and a 
4.80-in.  d i ame te r  compressor i m p e l l e r ,  could  o p e r a t e  e f f i c i e n t l y  w i t h  
e i t h e r  a down-rated SNAP-8 reac tor ,  o r  an i s o t o p e  h e a t  source. Opera- 
t i o n  w i t h  t h e  i s o t o p e  h e a t  s o u r c e  w h i l e  v e r y  s a t i s f a c t o r y  would n o t ,  
however, be optimum. 
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APPENDIX A 
BRAYTON RO!?ATING UNIT ACCEPTANCE TEST PROCEDURE 
1. INTRODUCTION 
1 . 2  Purpose 
These i n s t r u c t i o n s  o u t l i n e  procedure and data requirements f o r  
the acceptance t e s t i n g  of the  Brayton Rotating Unit  (BRU) Part  
699700-1 .  
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I 2. INSTRUMENTATION AND TEST SETUP 
2.1 Instrumentation (General) , Instrumentation shall be provided to measure the quantities shown 
on the data sheet, and this instrumentation shall have been calibrated 
to the accuracies specified in AiResearch Quality Control Manual 
QCP 11.1, 11.2, and 11.3. 
2 . 2  Instrumentation (Special) 
In addition to the general instrumentation, the following 
specialized instrumentation shall be used: 
1 - Ampex Model FR-600 14-Channel Tape Recorder 
6 - Tektronic Oscilloscopes Model 502-A or Equivalent 
15 - Wayne Kerr Distance Meters Model DM-100 
1 - Offner 6-Channel Type R Dynagraph Recorder, Type 504A 
2 - Hickok Digital Voltmeters Model DT-100 
1 - Tektronic Oscilloscope Model 310 
2 - Bruel and Kjaer Accelerometers Model 4331 
1 - Endevco Accelerometer Model 2213 
1 - Unholtz Dickery VTVM Model 61ORM-3 
1 - Brown Precision Electronic 48-Channel Temperature 
Recorder 
2.3 Data Acquisition 
2.3.1 Tape Recorder 
A total of 14 channels of information plus voice shall be 
rec3Yded as required. 
r3HU shall be recorded: 
The following capacitance probe output from the 
I 
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S h a f t  P o s i t i o n  
S h a f t  P o s i t i o n  
S h a f t  P o s i t i o n  
S h a f t  P o s i t i o n  
Speed 
Compressor End Fixed  Pad, 
Leading Edge P o s i t i o n  
Compressor End Fixed  Pad, 
Leading Edge P o s i t i o n  
Turbine  End Fixed  Pad, 
Leading Edge P o s i t i o n  
Turb ine  End Fixed Pad, 
Leading Edge P o s i t i o n  
Compressor End T h r u s t  S t a t o r  
Film Thickness  
Turb ine  End T h r u s t  S t a t o r  
F i lm Thickness  
T h r u s t  Bear ing  Gimbal P o s i t i o n  
T h r u s t  Bear ing  Gimbal P o s i t i o n  
I n  a d d i t i o n  t o  t h e  above,  one channel  s h a l l  be r e s e r v e d  fo r  r e c o r d i n g  
t h e  shaf t - to-ground c o n t i n u i t y  c i r c u i t .  
2 . 3 . 2  Offne r  6-Channel Recorder  
, 
A t o t a l  of 6 channe l s  of i n f o r m a t i o n  s h a l l  be c o n t i n u o u s l y  
monitored th roughou t  t h e  accep tance  tes t :  
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T h r u s t  Bear ing  Temperature 
T h r u s t  Bea r ing  E x t e r n a l  G a s  Supply P r e s s u r e  
Turb ine  End Pad Load 
Turb ine  End Pad E x t e r n a l  G a s  Supply P r e s s u r e  
Compressor End Pad E x t e r n a l  Gas Supply P r e s s u r e  
2.3.3 TemDerature A c a u i s i t i o n  
A t o t a l  of 3 6  t e m p e r a t u r e s  as i t e m i z e d  on t h e  data s h e e t  s h a l l  
be manual ly  moni tored  and r eco rded  a t  i n t e r v a l s  during the  c o u r s e  
of t h e  accep tance  t e s t .  
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3 . 0  ACCEPTANCE TEST 
3 . 1  I n i t i a l  Capac i tance  System Data 
P r i o r  t o  s t a r t  of t e s t ,  a l l  c a p a c i t a n c e  probe o u t p u t  v o l t a g e s  
s h a l l  be c a l i b r a t e d  and r eco rded  f o r  t h e  fo l lowing  two ( 2 )  c o n d i t i o n s :  
( a )  Without e x t e r n a l  supply  gas  p r e s s u r i z a t i o n  
(b )  With  t h e  j o u r n a l  b e a r i n g s  e x t e r n a l l y  s u p p l i e d  w i t h  argon 
g a s  a t  8 5  p s i g  and bo th  t h r u s t  s t a t o r s  s u p p l i e d  w i t h  
1 0 0  p s i g  and t h e  b e a r i n g  c a v i t y  p r e s s u r i z a t i o n  se t  a t  
1 0 . 9  p s i g  (a rgon  g a s ) .  
3 . 2  Acceptance T e s t  Procedure 
The gas  b e a r i n g s  of t h e  BRU s h a l l  be e x t e r n a l l y  s u p p l i e d  w i t h  
argon g a s  as  fo l lows :  
( a )  J o u r n a l  Bear ings  - 85 p s i g  
( b )  T h r u s t  Bear ings  - 1 0 0  p s i g  
The b e a r i n g  c a v i t y  ambient  p r e s s u r e  s h a l l  be  a d j u s t e d  t o  25.1 p s i a  
( 1 0 . 9  p s i g )  u s ing  a rgon gas .  
Drive a i r  s h a l l  be admi t t ed  t o  t h e  BRU t u r b i n e  and t h e  u n i t  s h a l l  
be a c c e l e r a t e d  t o  d e s i g n  speed of 3 6 , 0 0 0  rpm. Upon r e a c h i n g  3 6 , 0 0 0  rpm, 
arxi a t  t h e  d i s c r e t i o n  of t h e  c o g n i z a n t  e n g i n e e r ,  t h e  fo l lowing  s h a l l  
?e accomplished: 
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( a )  S e l f - a c t i n g  o p e r a t i o n  of  t h e  j o u r n a l  b e a r i n g s  
( b )  S e l f - a c t i n g  o p e r a t i o n  of  t h e  t h r u s t  b e a r i n g  assembly 
A con t inuous  t ape - reco rded  r e c o r d  of t h e  o u t p u t s  of t h e  c a p a c i -  
t a n c e  probes  s h a l l  be made from z e r o  speed  u n t i l  s e l f - a c t i n g  o p e r a t i o n  
of a l l  b e a r i n g s  i s  ach ieved .  The pa rame te r s  l i s t e d  under  2.3.2 s h a l l  
be c o n t i n u o u s l y  moni tored  th roughou t  t h e  e n t i r e  accep tance  t e s t .  
The u n i t  s h a l l  be p e r m i t t e d  t o  o p e r a t e  a t  d e s i g n  speed  f o r  a 
p e r i o d  of f i v e  ( 5 )  hour s .  Data s h e € ?  d a t a  s h a l l  be r e c o r d e d  upon 
r e a c h i n g  s e l f - a c t i n g  o p e r a t i o n  of a l l  b e a r i n g s  and a t  each  one-ha l f  
(1/2) hour  i n t e r v a l  d u r i n g  t h e  t es t .  A s  each da ta  p o i n t  i s  b e i n g  
t a k e n ,  a two-minute t a p e  r eco rded  " b u r s t "  of t h e  d a t a  p o i n t  s h a l l  be 
made. 
A t  the  end of t h e  f ive -hour  t e s t ,  t h e  t h r u s t  b e a r i n g  s h a l l  be 
e x t e r n a l l y  p r e s s u r i z e d  t o  t h e  v a l u e s  b e f o r e  s t a t e d ,  and t h e  BRU s h a l l  
be a c c e l e r a t e d  t o  43,200 rpm (120 p e r c e n t  o v e r s p e e d ) .  The u n i t  s h a l l  
be a l lowed t o  remain a t  t h i s  speed  f o r  t e n  minutes  t h e n  t h e  speed  
s h a l l  be  reduced  t o  36 ,000  rpm. A c o n t i n o u s  t a p e  r eco rded  h i s t o r y  
I from 36,000 t o  43,200 rpm and back t o  36,000 rpm s h a l l  be made. 
A t  t h e  c o n c l u s i o n  of t h e  above t e s t i n g ,  t h e  g a s  b e a r i n g s  s h a l l  be 
e x t e r n a l l y  p r e s s u r i z e d  t o  t h e  o r i g i n a l  p r e s s u r e  v a l u e s ,  t h e  t u r b i n e  
d r i v e  a i r  s h u t  o f f ,  and t h e  u n i t  a l lowed t o  coast t o  zero speed .  A 
con t inuous  t ape - reco rded  h i s t o r y  of t h e  b e a r i n g  e x t e r n a l  p r e s s u r i z a t i o n  




I SUMMARY OF EQUATIONS SOLVED BY THE NON-LINEAR O R B I T  ANALYSIS 
The equations solved by the Non-linear Orbit Progran are 
summarized a s  fo l lows  
Rotor equations 
(B -3) 6 -b ITal - I nh, = 1 z p s i n e  R dedz - IMuI cos(Qt + $,> + Tmal 
I n-1 S P 
I I U  + I n &  = I z p cose R dedz + ldul sln(S2t + JI,) + T (B -4) T 2  p 1 n a 1 S  aa2 
Shoe equations 
(a) Fixed shoes 
d 
p sin(8 - 8 ) (1  + E) dOdxl P 1’8 * R2 S P 
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(b) Spring mounted shoes 















Tmal* Tma2 = 
2 rosor mass, It - sec /An 
sum over the six shoes 
pad pressure, p s h  
shaft radius, in 
magnitude of unbalance force, lb. 
magnitude of unbalance moment, in.-lb. 
angle between and gU 
electro-magnetfc force contributions, lb. 
U 
gravity load., lb. 
rotor transverse and polar moments of inertia, 
In.-lb./sec. 
rotor speed, rad./sec. 
electro-magnetic moment contributions, in.-lb. 
2 pad pitch and roll moments of inertia, in.-lb./sec. 
2 
pivot point distance from face of shoe, in. 
X1 location of pad cg from pivot point, in. 
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6 - p i t c h  angle,  rad, 
Y = roll angle, rad. 
= x2 distance from pivot to pad cg. p2 
F = preload, lb. 
k = preload spring constant 
P 
F i l m  equations 
(a) Reynolds equation 
where 3 i s  the Laplace Operator 
P = PIP, 
H = h/C 
( b )  Clearance equation 
h C + (x + alz) s i n e  + ( y  + a2z) cos0 4 (d + R) 6 s in$  4 
( R  -10) 
( E  -11) 
where 
C = radius of shoe - radius of shaft ,  in .  
JI = angle measure from pivot,  pos i t ive  towards leading edge,  rad. 
z = location of b i g .  mid-plane fron cg., i n .  B 
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SHOCK LOADING REPRESENTATION 
The shock loading is represented by a constant  acce le ra t ion  i n  .. 
the  +Y d i r e c t i o n  of magnitude a and dura t ion  t e t l  t2. 
B -7 and B - 9 are changed as follows: 
Equations B - 2, 1- 
6 




m' (x3 + a + p 2  I Q )  - R J p cos (e-e ) de dxl - F - lor3 (B-9 -a) 
P P 
8 
BACK-UP SPRItiG REPRESENTATION 
L e t  fi, be t h e  predetermined t r a v e l  of t h e  spring-mounted shoes 
from the  clamped pos i t i on  (xs = 0) t o  the  po in t  a t  which a back-up sp r ing  
of s t i f f n e s s  K is  encountered. Equation B-9 is changed as follows: 
.. 
m'(Xg + p2 i) - R p cos (e. - 0 ) dB dxl - F - kx3 - FsP (B-9-b) J, P P 
where - 0 f o r  0 ~x 3 4 4  
I 
F~ - K (X3 - x3) f o r  x > ii, 3 
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A P P E N D I X  C 
A N A L Y S I S  FOR TIB I N C O R P m A T I O N  OF ELECTROMAGNETIC 
LOADING INTO THE FlRL NON-Ln\SEAR O R B I T  PROGRAM 
Elec t romagnet ic  r o t o r  l oads  are computed at  t h r e e  s t a t i o n s  
corresponding t o  t h e  mid-planes of a main a i r  gap and two secondary a i r  
gaps. These p lanes  are des igna ted  i n  F igure  C-1. 
The e lec t romagnet ic  f o r c e  a s soc ia t ed  with t h e  i t h  gap is conceived 
t o  c o n s i s t  of two components, FA (1) and FA (i) , i = 1,3. 
The magnitude of FL (i) is given by 
(C- I.) 
w h e r e  K (i) is t he  e l e c t r a n a g n e t i c  
and ru (1) is t h e  d i s t a n c e  from t h e  s t a t o r  magnetic c e n t e r ,  Os, t o  the 
r e f e r e n c e  c e n t e r ,  Oe, of t he  s t eady- s t a t e  p i v o t  c i rc le  (see Figure  C-2). 
s t i f f n e s s  f o r  t h e  i t h  p l ane  ( p o s i t i v e )  
I n  t h e  f i x e d  r e fe rence  frame of t h e  o r b i t  program, t h e  p o i n t  Oe 
has t h e  coord ina te  X = 0,  Y = Y where Y is computed from t h e  steady- 
s ta te  p i v o t  f i l m  th i cknesses  corresponding t o  a p resc r ibed  clamping force .  
The d i r e c t i o n  of F: (I) i s  determined by t h e  ang le  JIU (i) which is measured 
from t h e  - Y axis i n  t h e  d i r e c t i o n  of t he  s h a f t  r o t a t i o n  as shown i n  
F igure  C-2. The u n i d i r e c t i o n  f o r c e  can now be  w r i t t e n  as, 
eq ' eq. 
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Z, Plane of CC 




Center l i n e  
- - 
Compressor 







\ - \ 
Y 
Fig. C-2 Coordinate System for Electromagnetic Unbalance 
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A A 
where n and n2 are unit vectors 
Let r (1) be the distance between the rotor geometric center, 0 
P j 
rotor magnetia center, Om. 
are taken as (0, r (1) + Y eq). With fhese coordinates, the mass un- 
balance center is 180" from the rotor magnetic center (with respect to 
the rotor geometric center). 
(xP(i) , y (i)) where P 
1 
and the 
At time t equals zero, the coordinates of Om 
P 
At any subsequent time, Om has the coordinate 
xp(i) = X ( i )  + r (1) sin Qt, 
P 
(C-3) 
and Q is the rotor speed. The coordinates X ( i )  and Y ( 1 )  are computed 
from the coordinates of the rotor center X 
and the angular rotations a 
in the plane of the CC m *  *m* 
and a2 of the rigid rotor, 1 
The magnitude of the alternating load I s ,  
where RA I s  the distance from the reference point Oe (coordinates 0, 
Y eq.) to the position vector Oe Om is 
A
7 
'ba RA(i) e m  
where, I ie a unit vector, and 
30 4 
A 
:A Is consldered t o  l a g  the  vector i by the ang le  $I therefore, A 
From Figure (C-2)  
(C-10) 
(C-11) 
(C-12) T i- 
From equat ions  [ C - 2 ]  and [ C - 1 2 ]  the force components are 
(C-13) 
and the  torque components are, 
( C - 1 4 )  
(C-15) 
(C-16) 
The total electro-magnetic forces and moments are 
(C-17) 
A 
(p-pa) s i n  8R de dz - IFUlsln Rt + Fm (C-18) 
A 
6 
n i  
A 
(pep,) COS OR de dz - IFuI COS Rt + F + W (c-19) ‘I MY Y .. V M  > 
A 
Z (p-pa) s i n  8R de dz 




where m is the rotor mass, I,, I 
of inertia, IFu[ [ M u [  are the magnitude of the mechanical r o t o r  unbalance 
fo rce  and moment, W is a gravity force, n is the shoe number, 4 the angle 
between the Fu and MU. 




PIVCrr FRICTION ANALYSIS; JOURNAL BEARINGS 
Procedure 
The non-linear o r b i t  program was modified t o  accept  non- 
c i r c u l a r  motion of the  r o t o r  CG and non-unifonn angular motion of t he  
r o t o r  ax is .  The equat ions f o r  the  rotor's non-circular o r b i t  are: 
x = xo + b s i n  ( u i t  + +e) 
y = yo + a cos ( w e t  + +e) 
"O} = the  s teady s ta te  coordinates  of the  s h a f t  CG 
YO 
where 
3 - the  b minor a x i s  of the  e l l i p t i c a l  motion 
w e 
4e 
= the  frequency of the  e l l i p t i c a l  o r b i t  
= the  phase angle between the  p o s i t i v e  y a x i s  and the  
major a x i s  of the e l l i p s e  
The equat ions f o r  t he  non-uniform motion of the  r o t o r  alde 
are : 
where 
= the  f a j o 3  minor angle of the  con ica l  motion 
'b 
w - t he  frequency of t h e  conica l  motion 
= the  phase angle 
C 
4, 
The programs modif icat ion t o  allow f o r  the  probe readout a r e  as follows: 
P = {(d + r) 6 s i n  4 + y (z-zB) cos $1 cos a 
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where d = t h e  d i s t a n c e  from t h e  bea r ing  s u r f a c e  t o  t h e  p i v o t  
l o c a t i o n  
R = t h e  r o t o r  r ad ius  1- t h e  (p:if:) angle  of t h e  pad which t h e  probe is monitor ing 
z = t h e  ax ia l  d i s t a n c e  from t h e  r o t o r  CG t o  t h e  probe 
n 
(I = t h e  ang le  between t h e  pad p i v o t  and t h e  l o c a t i o n  of t h e  pad 
u = t h e  ang le  between a r a d i a l  l i n e  and t h e  axis of t h e  probe 
z = t h e  a x i a l  d i s t a n c e  from the  r o t o r  CG t o  the  pad 's  p ivo t  
The equat ions  obta ined  exper imenta l ly  by AiResearch f o r  
d e s c r i b i n g  t h e  pad motion as seen  by t h e  probes are: 
H = 0.0821 s i n  ( u t  + 128) 
N = 0.0622 s i n  ( u t  + 123) 
Consider ing t h a t  t h e s e  motions can be  descr ibed  as: 
[ ( d  + R) 6 s i n  @ + y (Z-2,) cos @ I  cos u - a s i n  ( u t  + (I), 
probe M becomes: 
[ (d  + R) 6 sin $I + y (Z-Z,) cos u] cos = a ls in  (u t  + 1281, 
probe N becomes: 
( ( d  + R) 6 s i n  @ + y (Z-2,) cos $1 cos u = a 2 s i n  ( u t  + 123). 
Re-arranging these  f o r  t h e  p i t c h , g  and r o l 1 , y  they become: 
s i n  ( u t  + 128) + a2 s i n  ( u t  + 123) 1 ' 2(d + R) cos u s i n  @ (81 
s i n  ( u t  ,+ 123) - a1 s i n  ( u t  + 128) 1 
cos u cos @ = 22 1 
d = 0.42 in .  
R = 0.875 in. 
u = 12O 
(I = 54" 
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a - 0.0821 x loo3 in. - 0.0622 x in. 1 a2 
Z1 - 0.425 
6 - 4.03 x sin [ ( u t  + 123) + 2.155) 
y = 2.44 x low3 s i n  [ ( u t  + 123) + 164.91 
It can b e  seen from these equations that  the maximum values 
are : 
= 4.03 x lo-' deg. max 6 
* 2.44 x lo-' deg. ',ax 
3 10 
2 A = orifice area, in. 




= non-dimensional shaft angular displacement about inner gimbal 
car 
axis = - = AX 
AX 
x o  
C 
A = non-dimensional shaft angular displacement about outer gimbal 
V 
B = non-dinensional bearing displacement about outer gimbal axis 
B r  Y 
= = = B y  
C 
c = reference clearance, in. 
I Cd = orifice coefficient of discharge 
= non-dimensional orifice flow = 
I 12pfoR’B ’ 
3 2  Fo 
pa 
I 
F, = non-dimensional flow out of closed path surrounding recess 
, = maximum non-dimensional orifice flow 
~ f = orifice flow, lb-sec/in. 
max F 
0 
f = flow out. of closed path surrounding recess, lb-sec/in. 
e 
h = film thickness, in. ’ 
h = recess film thickness, in. r 
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NOMENCLATURE (CONT. ) 
non-dimensional film thickness = hlc 
non-dimensional recess film thickness - hr/c 
non-dimensional inner gimbal moment of inertia about inner 
x moment of inertia gimbal axis = -- 3 
w1 *
4 ~ a r 0  
non-dimensAona1 inner gimbal moment of inertia about outer 
) axis = WIL 3 x (moment of inertia 4par0 
non-dimensional outer gimbal moment of inertia about outer 
gimbal axis = - W12 x {moment of inertia 
inner gimbal axial stiffness, lbs/in. 
3 
4 ~ a r o  
outer gimbal axial stiffness lblin. 
non-dimensional inner gimbal axial stiffness 2 
kbc -
Pato 
k c  
Pa'o 
non-dimensional outer gimbal axial stiffness * 2 




= non-dimensional angular stiffness about outer gimbal axis 
ktx = angular stiffness about inner gimbal axis, in.-lb/rad 




1 x bearing mass .'& - non-dimensional bearing mass - 
I 2 \  
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flOMENCLATURE ( CONT. ) 
.) 
L 
E.1 = non-divensional outer gimbal mass - cwl 2 x (outer gimbal 
I3 
moment >I = non-dimensional viscous friction moment = -
Pa'o 
4~aro 
2 2 f 
CW . 
x (shaft mass) 1 2 P.1 = non-dimensional shaft mass = S 
4~aro 
Mx = non-dimensional fluid film righting moment about tnner gimbal 
Slomen t axis = , = TOT-X-MOM 
El = non-dimensional fluid film righting moment about outer gimbal 
Y 
?loment = TOT-Y-EIOM 3 axis = -
Pa'o 7 
12pAoCdP, j,, t 8 
3 2  a- 1 OFC =: orifice flow coefficient = 
Pa 
p = local pressure, psia 
= ambient pressure, psia 
= external supply pressure, psia 
= non-dimensional local pressure = pressurefp 





P = non-dimensional, supply pressure = 
r 
Ps'Pa S 
2 Q = dependent variable = P 
2 
'r Or = dependent varia.ble in recess = 
r = radius, in. 
r = inside radius of bearing, in. 
r = outside radius of bearing, i n .  




NOMENCLATURE (CONT. ) 
L in. 
sec - R R universal gas constant, 2 0  
t = time, sec 




Tf non-dimensional fluid film thrust force = -= Total force 
2 \J = non-dimensional aerodynamic, load = Load/paro ae 
2 Idb = non-dimensional bearing weight = weight/paro 
W 
Ws = non-dimensional shaft weight = weight/paro 
2 
= non-dimensional outer gimbal weight = weight/paro 
g 
2 
2 Wsh = non-dimensional shock load = load/paro 
Pr’Ps x = pressure ratio = 
X,, = non-dimensional angular bearing displacement about inner gimbal 
axis BxrO/c 
Yb = non-dimensional angular bearing displacement about outer gimbal 
axis = e r IC 
Y O  
Z = non-dimensional shaft axial displacement from equilibrium posi- 
S displacement zs 
C 
tion = 
Zb = non-dimensional bearing axial displacement from equilibrium 
displacement position = = z B  
C 
2 = non-dimensional outer gimbal displacement from equilibrium 
g displacement zc, position = 
C 
’ = non-dimensional bearing preload displacement - displacementlc 
’b 
Z ’ = non-dimensional outer gimbal preload displacement = displacement/c 
t3 
a * ratio of specific heats 
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NOFlEf4CLATURE (CONT. ) 
Q = shaft angular displacement about inner gimbal axis, rad 
a = shaft angular displacement about outer gimbal axis, rad 
B = bearing angular displacement about inner gimbal axis, rad. 





I y = pad angle, radians 
Y 
A = step height, in. 
0 = angular grid coordinate, radians 
I 
2 
8 = absolute temperature, O R  
611wro 
~ A = compressibility parameter = 3 
'cl = absolute viscosity ,lb-seclin. z 
6 = distance to C . G .  of outer gimbal, in. 
6, = distance to inner gimbal axis of rotation from inner gimbal C.G., in. 
8 
6"\ distance hetween inner and outer gimbal axes) in., < - 6* ro 1 1 6 = non-dimensional distance to C.G. of outer gimbal - 8 C 
- 
6 = non-dimensional distance to inner gimbal axes from inner gimbal 
X 
6x ro 
C . G .  = -
C 
6 r  - 
6 = non-dimensional distance between gimbal axes = 
Y 
1 o = angular shaft speed, rad/sec 
= reference angular speed, rad/sec w1 
315 
PAD CONFIGURATION 
A general pad configuration for which the program was designed 
consists of a F.ay.leigh step on the leading edge of the pad, with the 
option of including an orifice fed recess in the land region. 
may be bounded clrcumferentially as well as radially in order to inhibit 
side leakage and increase load capacity. This feature wa6 not considered 
necessary for the BRU application. 
The step 
Pressu re  D i s t r i b u t i o n  
For isothernal films the compressible Reynolds' equation in 
polar coordinates is 
By a changing the Independent variable and non-dimenelonalizing 
the following equation results: 
The choice of the independent variable Q - p2 rather than the 
2 2  usual P H is selected because it is a more convenient variable at the 
Rayleigh step. 
an arbitrary speed w1 rather than the shaft speed, w do that hydrostatic 
performance at zero speed could be determined without introducing singular- 
ities in the analysis. 
A l s o  note that T is non-dimensionalized with respect to 
To solve f o r  Q at the step the continuity equation is applied 
about a unit grid sector surrounding each internal grid point along the 
step. The resulting equation becomes: 
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03-31 
The minus sign refers to conditions on the upstream side of 
the step, and the plus sign refers to conditions on the downstream side. 
A similar equation can be obtained for a step parallel to a circumferential 1 
line. 
Khen expanding (E-2) and (E-3) in finite difference both equa- 
tions can be put into the same general matrix form, namely, 
(E-4) 
The coefficients [C 1, [D ] and [E J depend upon whether the 
grid point is at a boundary, step, or normal field point. The general 
method of solution is as described in Reference 2. 
J J J 
It is noted that the time-transient Reynolds equation is applied. 
When solving a steady-state problem the solution is a diffusion process 
(eliminating the equations of motion) that progresses in time until de- 
sired convergence between successive iterations is achieved. 
When solving a dynamics problem i transient scheme as described 
in Reference 1 is utilized. 
(1) Castelli, V., PIcCabe, J. T., "Transient Dynamics of a Tilting Pad Gas 
Bearing System", AS:K June, 1966, LubS-3. 
( 2 )  Castelli, V., Pirvics, J., Jr., "Equilibrium Characteristics of Axial 
Groove Gas Lubricated Bearings", Columbia University, Department of 




In order to evaluate the coefficient$ of equation (E-4) the 
film thickness distribution must be determined from 
H - 1 + Zs -hxR sin 0 -A 
Y 
R cos 0 -Zb - - B x R  s i n  0 
Y 
+ B R COS e 
When inside the stepped region the step height is added, and 
when considering an opposed pair the opposed bearing film thickness is 
obtained by subtracting H from the total axial clearance. 
Hydrostat ic and Hybrid Analysis 
The effects of external pressure are handled by separate means 
depending on whether the recess can be considered a small source or not. 
If the recess is not a source and extends beyond the boundaries of one 
grid sector the continuitv equation can be applied to a closed path 
surrounding the recess. 
becomes 
The resulting equation for the recess pressure 
(E-5 )  
- ?- (PHI RdRde -I---- dPr F* FL 1 dHr dT hHrAr H dT 'r H,Ar A 2T r 




I f  P / P  is lese than critical the ratio is eet  equal to the critical for 
determining maae flow. 
r B  
FL R A 0  I '  w1 J 3 - J dR - H PR de + A w '  HPRdlt (E-8) 
The integrals in equation (E-8)are taken along the selected 
, 
closed path surrounding tho recess, 
tion to equation (E-6) is t o  determine all quantities on the right hand 
side at the current time step and solve for the new recess pressures Pr. 
This approach does not solve the recess and field point pressures con- 
currently but at successive time intervals. If the recess is small the 
pressure response can be very large unless very small time increments are 
chosen. When solving a steady-state problem, a small time step is not 
of serious consequence, but for a dynamic situation a small time step 
multiplies the number of solutions exorbitantly and this approach becomes 
The procedure for obtaining a solu- 
1 impractical. 
The solution to the problem posed by a source recess uses a 
scheme that solves for the recess and surrounding pressures simultaneously. 




Fo = Fmax (1 - 3) (1 +3) 
S 9 1 
where P is from the previous time instant, the equation is thus linear 
in Q and the expression E-6 (with dependent variable changed to (Q,) can 
now be put into a normal grid point format (equation E-2) permitting simul- 
taneous solution. This approach requires single grid point representation 
of the source, and an increase in the coefficient of discharge of the 
orifice to correct for the approximation imposed by equation (E-9). 
r 
l Bea r ing  Forces and Idoments 
I Solution of the Reynolds' equation for the pressure distribution 
immediately permits solution of the fluid film forces and moments. 
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Tf = J J (P-1) RdRdR 
= P o  0 
ti = r ( P - 1 )  R 2 sin BdBdR 
X 
ro'ro 0 
M 1' Jy(P-1 )  R 2 cos  BdBdR 
0 Y ro/ro 





The above equat ions  are f o r  one pad. When m u l t i p l e  pads are 
considered each pad is handled s e p a r a t e l y  and t h e  r e s u l t s  consecut ive ly  
added. 
Dynamics 
The dynamic system analyzed is represented  by Figure  E-1. It  
treats an inne r  and o u t e r  gimbal each supported by an  e las t ic  hinge t h a t  
is very  f l e x i b l e  i n  the angular  mode but  is s t i f f  a x i a l l y .  
t o t a l  of f i v e  degrees  of freedom f o r  t h e  system. 
move angu la r ly  about t h e  i n n e r  gimbal a x i s  and can move a x i a l l y .  
o u t e r  gimbal a l s o  has  an abso lu te  angular  and a x i a l  displacement.  
o u t e r  gimbal angular  displacement is t h e  same as the  i n n e r  gimbal angu la r  
displacemeat  about  t h e  o u t e r  gimbal axis) ;  
There is a 
The i n n e r  gimbal can 
The 
(The 
The s h a f t  has  one degree of freedom i n  t h e  a x i a l  mode only since 




A X I S  
, F i g .  E - 1 .  T h r u s t  Bear ing  and Mount - Schematic Represen ta t i on  
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With the assumption of small displacements the resulting non- 
~ dimensional dynamic equations are: 
c 
W + Tf + Wsh + Wae ' 5  Ms s 3 .. I- 
(2 -2 )-K 2 -K Z' z -+i"p-Kb g b g g  g g  









METHOD OF I N C L U D I N G  COULOMB F R I C T I O N  I N  A N A L Y S I S  OF PIN GLMBAL 
I .  D E S C R I P T I O N  O F  F R I C T I O N  J O I N T  
The gimbal p i n  axes  are s p r i n g  loaded  i n t o  t h e  b e a r i n g  r e c e p t a c l e s ,  
s u c h  t h a t  on ly  t h e  end f a c e s  of  t h e  a x i s  are i n  c o n t a c t  w i t h  t h e  bear- 
i n g .  
11. REPRESENTATION OF COULOMB FRICTION 
The coulomb f r i c t i o n  i s  r e p r e s e n t e d  by a c o n s t a n t  r e s i s t i n g  
t o r q u e  a p p l i e d  t o  t h e  gimbal a x i s .  The s i g n  of  t h e  f r i c t i o n  t o r q u e  i s  
o p p o s i t e  t o  t h a t  of v e l o c i t y .  
I Cons ide r  a v e l o c i t y  v e r s u s  t i m e  p l o t  as shown on F igure  F-1. 
There are t h r e e  r e g i o n s  of a c c o u n t a b i l i t y .  
, (1) When a c c e l e r a t i n g  Tf and T a  are o p p o s i t e  and I T f l < l T a l .  
( 2 )  When d e c e l e r a t i n g  T f  and T a  are of same s i g n  and a f i n i t e  
v e l o c i t y  i m p l i e s  ( T f l < l T a l .  
( 3 )  I f  t h e  v e l o c i t y  changes sign between s u c c e s s i v e  t i m e  s t e p s ,  
t h e n  somewhere between motion has  s topped  and cannot  re- 
s t a r t  u n t i l  I T a l > l T f l .  
t h e  v e l o c i t y  cu rve .  I f  w e  followed t h e  normal procedure  
w i t h o u t  t a k i n g  accoun t  of t h e  f i n i t e  s t o p p i n g  t i m e  t h e  
Thus,  t h e r e  i s  a d i s c o n t i n u i t y  i n  
I v e l o c i t y  would be r e p o s i t i o n e d  t o  B i n  F i g u r e  F-1 i n s t e a d  
I From s imi l a r  t r i a n g l e s  
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= d t  - d t l  = d t [  1 - 
dt2  
S i n c e  w e  are now o p e r a t i n g  on t h e  n e g a t i v e  s i d e  of t h e  v e l o c i t y  t h e  
f r i c t i o n  t o r q u e  opposes  t h e  a p p l i e d  t o r q u e .  
- Tf + T a  
I G ( t )  = 
and 
c 
d ( t )  = a ( t  - d t )  + [1 - & ]  & d t  
, If jTal<lTfl then 
I G ( t )  = &(t )  = 0 







act) = Tf X CsIGN OF VELOCITY) + Ta 
L 
IF & ' >  0 (DECELERATING) 
AND 
& ' c  d t  
a'- a = -& ( t - d t )  X ( S I G N  O? ACCELERATION) 
L 
BOTH THESE CONDITIONS IMPLIES 
VELOCITY CHANGES SIGN I 
I 
T > T  I al I f l  I 
b T I F 
I F 1 T 
t 
&(t )  = & ( t - d t )  + 'a ' ( t )dt  
a(t) = a( t -d t )  + & ( t ) d t  
b 
a ( t )  = 0 
a ( t )  = a ( t - d t l  
J 
-& ( t - d t  1 
a ( t ) x d t  
a ( t )  = &(t)dt(l-r) 
i A 




STEP-JUMP ANALYSIS, THRUST BEARING 
The s t e p  jump a n a l y s i s  f o r  t h e  gimbal mounted t h r u s t  bea r ing  employs t h e  
fol lowing sequence: 
( a )  For a given o p e r a t i n g  c o n d i t i o n  ( f i l m  th i ckness ,  A ,  geo- 
met ry ,  supply p r e s s u r e )  o b t a i n  a s t e a d y - s t a t e  s o l u t i o n .  Th i s  is accomp- 
l i s h e d  by ho ld ing  s h a f t  and bea r ing  f i x e d  and l e t t i n g  t h e  p r e s s u r e  
d i f f u s e  wi th  t i m e  u n t i l  t h e r e  is no d i f f e r e n c e  i n  g r i d  p r e s s u r e s  over  
s u c c e s s i v e  time i t e r a t i o n s .  Compute va lues  of t h e  product  of p r e s s u r e  
and f i l m  th i ckness  (PH) over  t h e  g r i d .  
(b) Give t h e  b e a r i n g  a jump i n  one of its degrees  of  freedom. 
Compute t h e  new f i l m  th i ckness  d i s t r i b u t i o n  H. 
(c)  Since t h e  jump is an i so the rma l  p rocess ,  t h e  va lue  of PH 
remains cons t an t .  Therefore ,  a f t e r  t h e  jump, p r e s s u r e s  are computed 
throughout t h e  g r i d  from 
PIHl P2 = -
H, 
L 
where s u b s c r i p t  1 denotes  c o n d i t i o n  b e f o r e  the  jump and s u b s c r i p t  2 
deno tes  c o n d i t i o n s  a f t e r  t h e  jump. 
(d) With the new va lues  o f  p re s su re ,  i n t e g r a t e  and compute 
f o r c e s  and moments a t  time T = 0. Continue forward i n  t i m e  i n  t h e  nor- 
m a l  t i m e  t r a n s i e n t  manner and determine t h e  new p r e s s u r e  throughout the 
g r i d  a t  each t i m e  s t e p  from 
P(T + AT) = - dP (T + AT) AT + P(T) (2) dT 
Save t h e  f o r c e s  and moments a t  each t i m e  s t e p  and cont inue forward i n  
t i m e  u n t i l  a new s t e a d y - s t a t e  c o n d i t i o n  is reached ( d e t e c t e d  by i d e n t i c a l  
p r e s s u r e s  over  s u c c e s s i v e  t i m e  increments) .  
S u f f i c i e n t  jumps are a p p l i e d  t o  cover a l l  degrees  of freedom 
of i n t e r e s t .  
*Pa ren the t i c  numbers i n d i c a t e  r e f e r e n c e s  a t  end of s e c t i o n .  
Dimensionless responses  are computed from t h e  fol lowing (4)*: 
32 7 
The f i r s t  s u b s c r i p t  i n d i c a t e s  t h e  d i r e c t i o n  of t h e  s t imulus o r  jump 
(displacement or r o t a t i o n ) ,  and t h e  second s u b s c r i p t  is the  d i r e c t i o n  
of t h e  force  o r  moment response.  
The responses are saved i n  polynomial format using Laguerre 
polynomials (41 ,  
where H(=) i s  t h e  response a f t e r  new equi l ibr ium is reached, and a is  al, 
a t t e n u a t i o n  f a c t o r .  Due t o  t h e  or thogonal i ty  r e l a t i o n s h i p  of Laguerre 
polynomials, t h e  c o e f f i c i e n t s  A i n  equat ion ( 4 )  a r e  determined from 
i J n  
The CWO unknown a s s o c i a t e d  with equat ion (4) are t h e  number of terms 
necessary for convergence of t h e  series, NL, and t h e  va lue  of t h e  
a t t e n u a t i o n  c o e f f i c i e n t  a. The exact  responses are p l o t t e d  a g a i n s t  
time, and then NL and a are v a r i e d  i n  t h e  series approximation, and t h e  
r e s u l t s  are p l o t t e d  and compared a g a i n s t  t h e  e x a c t  s o l u t i o n s .  
va lues  of N and a t h a t  give the  d e s i r e d  f i t ,  i n  a l l  degrees  of freedom, 
are used. The procedure is  not  as tedious as i t  seems, because a l l  
computations and p l o t s  are accomplished by t h e  computer. 





on t h e  j t h  degree of freedom. 
are c o e f f i c i e n t s  f o r  which t h e  i t h  degree of freedom produces a f o r c e  i 
From ( 5 )  the  d e v i a t i o n a l  f l u i d  f i l m  forces  can b e  determined i n  
terms of responses and Laguerre c o e f f i c i e n t s  a s  follows: 
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The s o l u t i o n  t o  equa t ion  ( 6 )  is obtained by the  c h a r a c t e r i s t i c  equat ion 
method desc r ibed  i n  ( 5 ) .  
freedom i s  app l i ed  i n  the form 
Here a small d i s tu rbance  t o  each degree of 
, 
I The set  of equat ions are solved f o r  B. If the  real p a r t  of 
8 is p o s i t i v e ,  t h e  system is u n s t a b l e ;  i f  i t  i s  nega t ive ,  t h e  sys t em is 
I s t a b l e .  The th re sho ld  i s  determined when t h e  real p a r t  of B - 0. 
S u b s t i t u t i n g  equa t ion  (8) i n t o  equat ion (7) and combining terms 
re su l t s  i n  the  following: 
NL 
a * i j K  L (aT)e -[: +- ') OTd(aT))6H eBT(g) 1; K= 0 
As T -t m t h e  i n t e g r a l  i n  equat ion (9) becomes a Laplace transform. 
I n t e g r a t i n g  t h e  equa t ion  becomes (5) 
where t h e  v a r i a b l e  r, comes from the  i n t e g r a t i o n  and 
S u b s t i t u t i n g  equa t ion  (10) i n t o  the  dynamics equat ion ( 6 )  and a l s o  




4- K=1 Aij  (K - l ) IK}EieBT 4 (1 - (13) 
A 
After  s u b s t i t u t i o n s  and rear ranging  t h e  f i n a l  form of t h e  
dynamics equat ions become: 
Table 1 shows t h e  d e f i n i t i o n s  of t h e  miss, izer t ia ,  spr ing ,  e tc . ,  f o r  
each of t h e  degrees of freedom. Note the  s i g n s  of these  terms a r e  
s p e c i f i e d  e x t e r n a l l y  t o  agree  with proper s i g n  convention of t h e  indiv-  
i d u a l  equat ions.  
The set of dynamics equat ions (14) can be put  i n t o  mat r ix  
form 
For a s o l u t i o n  t o  e x i s t ,  the  determinant of t h e  c o e f f i c i e n t  r ra t r ix  = 0. 
l D j i K l  (16) 
Each element of t h e  above .determinant i s  a series i n  5 .  I f  
the determinant can be solved f o r  S, t h e  s t a b i l i t y  of t h e  s y s t e m  can be 
determined. 
The expansion of t h e  determinant y i e l d s  a polynomial i n  r of 
order  NF(NL + 2) .  
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c:, + cis + cis 2 + ... + cl;p(NL+*) . g F ( L  N N+2 ) l o  (17) 
The roots  of the foregoing polynomial can be solved by using a root  
f inding computer rout ine.  
The coe f f i c i en t s  of the polynomial equation (17), are deter- 
mined by multiplying the elements of the determinant, which are series 
i n  5 ,  i n  a manner t h a t  preserves the ru l e s  f o r  determinant expansion. 
Once the coe f f i c i en t s  are found they can be examined and the  
r e su l t i ng  polynomial truncated t o  the desired order.  
problem has 12 degrees of freedom and used 10 Laguerre coe f f i c i en t s ,  
then the order  of the polynomial would be 144. 
c of i n t e r e s t  l i es  between 0 and 1 ( 5 ) ,  the  polynomial can be truncated 
as long as the  coe f f i c i en t s  converge, s ince  then higher order  terms become 
ins ign i f i can t .  The polynomial coe f f i c i en t s  are mult iples  of the Laguerre 
coe f f i c i en t s ,  and a good set  of Laguerre coef f ic ien ts  implies convergence 
of the  polynomial coe f f i c i en t s ,  s ince  a good set of Lagueere coe f f i c i en t s  
must converge i n  order  t o  represent the responses. 
If a p a r t i c u l a r  
Since the magnitude of 
The roots  of 5. are e a s i l y  transformed t o  values of B by equa- 
t i on  (12). 
system is  unstable fo r  t ha t  p a r t i c u l a r  set of dynamic parameters. 




T a b l e  G - 1  
D e f i n i t i o n  of Mass, I n e r t i a  and 
S p r i n g  f o r  Each Degree of  Freedom 
f o r  T h r u s t  Bear ing  









%x = 4 
6, 







i = 4  
Definitions (con't) : 
2 
mscn 1 Ms -
4PaRO2 
Ws = Ws/PaR: 
M - %CSll/4PaRo 2 2 
g 
K - lcgC/PaRo 2 
g 
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A P P E N D I X  G 
NOMENCLATURE 
= nth Laguerre coefficient for response of j direction due to 
ij n jump in i direction 
A 
C = reference clearance, in 
















= jth polynomial coefficient of gyroscopic terms (see Table 2 )  
= force in j direction due to a jump in i direction, non- 
dimensionalized by dividing by paRL for journal bearing, 
by P R for t h r - s t  bearing moments, by P,Ro2 for t h r u s t  
bearing forces 
a o  
= film thickness, nondimensionalized by dividing by C 
= nondimensional response in j direction due to a jump in i 
direction, nondimensionalized by multiplying by C/P,Rz. 
= transverse moment of Inertia of thrust bearing about xx axis, 
lb-sec2-in. 
= transverse moment of inertia of thrust bearing gimbal 
system about y-y axis, lb-sec2-in. 
= nth Laguerre polynomial 
= mass of bearing i, lb-sec /in. 2 
= nondimensional mass or inertia for jth degree of freedom 
(see Table 2) 
= shaft speed, rpm 
= number of degrees of freedom 
= number of Laguerre coefficients 
= pressure, nondimensionalized by dividing by pa 
= time nondimensionalized by R1/2 
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NOMENCLATURE (cont  . ) 
ti - bearing weight, l b s .  
W = outer  gimbal weight, l b s .  % 
l a  - a t t enua t ion  coe f f i c i en t  
I B - complex exponent whose real p a r t  is  growth f ac to r  
= devia t iona l  displacement i n  i t h  degree of freedom, nondimen- 
s iona l  6xi - maximum amplitude of devia t iona l  displacement i n  i t h  degree 
of freedom, nondimensional 6xi 
I - jump in i t h  degree of freedom *i 
P X  
PYf3 
- dis tance  between axes 
= dis tance  from a x i s  of ro t a t ion  t o  CG of outer  gimbal 
Note : 
1. Parenthe t ic  (eq.) following any va r i ab le  s tands f o r  t he  o r i g i n a l  
equi l ibr ium value of t h a t  var iab le .  
value of t h a t  va r i ab le  ( a f t e r  the  jump has been completed). 
I 
2. Parenthe t ic  (-) following any va r i ab le  s tands  f o r  t he  new equi l ibr ium 
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A P P E N D I X  G - GENERAL DYNAMICS E Q U A T I O N S  
.. 
M 6 Z  = -\(6tg-6Zb) -K g g  6 Z  
g g  
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TYPICAL BRU DYNAMIC SIMULATOR TESTING 
This appendix provides a brief history of typical dynamic 
simulator testing. The following conditions were common to each test: 
Simulator orientation - Vertical with simulated turbine wheel up 
Bearing lubricant - Argon 
Journal bearing pad initial clamping force at zero speed 
(preload) - 9-0  - 10.0 lbs, both bearings 
Journal bearing external supply pressure - 150 psia 
In each case, instrumentation was identical to that provided 
within the BRU (discussed in detail in Section 3.7) For convenience, 













Compressor journal orthogonal probe 
Compressor journal orthogonal probe 
Turbine journal orthogonal probe 
Turbine journal orthogonal probe 
Spare 
Spare 
Rotor speed probe 
Rotor speed probe 
Flex-mounted pad leading-edge probe, 
compressor end 


















D e s i s n a t i o n  
Sol id-mounted  pad l e a d i n g - e d g e  p r o b e ,  
Sol id-mounted  pad l e a d i n g - e d g e  p r o b e ,  
Fl-ex-mounted pad l ead ing -edge  p r o b e ,  
Flex-mounted pad l e a d i n g - e d g e  p r o b e ,  
Sol id-mounted  pad l e a d i n g - e d g e  p r o b e ,  
Sol id-mounted  pad l e a d i n g - e d g e  p r o b e ,  
Compressor  t h r u s t  p l a t e  f i l m - t h i c k n e s s  p r o b e  
T u r b i n e  t h r u s t  p l a t e  f i l m - t h i c k n e s s  p r o b e  
T u r b i n e  t h r u s t  p l a t e  f i l m - t h i c k n e s s  p r o b e  
T u r b i n e  t h r u s t  p l a t e  f i l m - t h i c k n e s s  p r o b e  
T u r b i n e  j o u r n a l  flex-mount pad l o a d  p r o b e  
Compressor  j o u r n a l  f lex-mount  pad l o a d  p r o b e  
T h r u s t  bea r ing  gimbal probe t o  ground 
T h r u s t  h e a r i n g  gimbal p r o b e  t o  ground 
c o m p r e s s o r  end  
c o m p r e s s o r  end  
t u r b i n e  end 
t u r b i n e  end  
t u r b i n e  end  
t u r b i n e  end 
I Thermocouple  l o c a t i o n s  are  shown i n  F i g u r e  H-1 and  p r o b e  loca t ions  
1 s h o w n  i n  F igure  H-2, Three t e s t  c o n d i t i o n s  are summarized b e l o w :  s t a r t -  
u p ,  s t e a d y - s t a t e ,  and u n i t  o v e r s p e e d ,  
' S t a r t - u p  S i m u l a t i o n  
I 
I 
F i g u r e s  H-3 and H-4 p r e s e n t  the ro tor  and gimbal m o t i o n s  d u r i n g  
s t a r t - u p  w i t h  the  f o l l o w i n g  t e s t  v a r i a b l e s  h e l d  c o n s t a n t :  
I 
B e a r i n g  c a v i t y  a m b i e n t  p r e s s u r e  - 2 5 . 1  p s i a  
I 






PROXIMITY PROBE LOCATIONS 
FIGURE H - 2  
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I TUR5INE COMPRESSOR 
SPEED: 7,500 RPM 
JOURNALS : HY3R I D  
THRUST : HYBRID 





SPEED: 9,500 RPM 
JOURNALS : H Y 5 R  I D  
THRUST : HYERID 
TIME SCALE: 2 MSEC PER CM. 
NOTE : 
VERTICAL ORIENTATION WITH SIMULATED TURBINE WHEEL UP. 
CAVITY - 25.1  PSIA 
JOURNAL SUPPLY - 99 P S I G  
THRUST SUPPLY (UNLOADED S I D E )  - 6 4  P S I A  
(LOADED S I D E )  - 1 1 4  P S I A  
( 3 )  VERTICAL SCALE: 0.001 INCH/CM. 





SPEED: 11,500 RPM 
JOURNALS: HY.'.RI3 
THRUST : H Y - R I 3  
TIME SCALE: 5 MSEC PEh CM. 
TURBINE COMPRESSOR 
SPEED: 16,000 RPM 
JOURNALS : HYBRID 
THRUST : HYBRID 
TIME SCALE: 2 MSEC PER CM 
NOLE : 
(21, ?'EHTICAL ORIENTATION WITH SIMULATED TUR2INE WHEEL UP. SYSTEM PRESSURES (USING ARGON : 
CAVITY - 25.1 PSIA 
GOURNAL SUPPLY - 99 PSIA 
THRUST SUPPLY (UNLOADED S I D E )  - 6 4  P S I A  
(LOADED S I D E )  - 1 1 4  P S I A  
( 3  VERTICAL SCALE: 0.001 INCH PEk  CM. 
BRU DYNAMIC SIMULATOR 
START-UP RECORD C O N T I N U D  
FIGURE H-4 
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Thrust  bear ing  e x t e r n a l  supply pressure  - 64 p s i a  on unloaded 
f ace  - 114 p s i a  on loaded face  
I t  is c l e a r  t h a t  a l l  responses  were synchronous and of small  
amplitude. The r o t o r  c r i t i c a l  speeds occur between 7500 rpm and 
1 1 , 5 0 0  rpm. The hybrid gimbal n a t u r a l  f requencies  occur a t  about 
11 ,500  rpm and 16,000 rpm about t h e  two gimbal axes,  r e spec t ive ly .  
I n  add i t ion  t o  t h e  above tests, seve ra l  o the r  ope ra t ing  cond i t ions  
should be noted. With c a v i t y  pressures  of 25.1 p s i a  and 42.6 p s i a ,  t h e  
t h r u s t  load was va r i ed  from about 15 l b  i n  t h e  downward d i r e c t i o n  t o  
about 15 l b  i n  t h e  upward d i r e c t i o n  a t  speeds of 20,000 rpm, 25,000 rpm, 
a n d  30 ,000  rpm. The bear ings  w e r e  e x t e r n a l l y  p re s su r i zed  for  t h e s e  
t e s t s ,  s i n c e  t h e  purpose was t o  d u p l i c a t e  poss ib l e  s t a r t -up  cond i t ions  
of t h e  BRU. N o  i n d i c a t i o n s  of p o t e n t i a l  problems w e r e  d i s c e r n i b l e  i n  
t h e  monitored s igna l s .  The two c a v i t y  p re s su res  correspond t o  6-kw 
and 10.5-kwe opera t ion ,  r e spec t ive ly .  
e 
A s  t h e  most r i go rous  t e s t  of gimbal s t a b i l i t y  wi th  t h e  t h r u s t  
bear ing  se l f - ac t ing ,  t h e  u n i t  was operated wi th  a n e t  t h r u s t  load of 
zero.  Even w i t h  t h e  t h r u s t  s l i d e r  i n  t h e  middle of t h e  bear ing ,  a l l  
motions w e r e  small  and synchronous. 
Steady-State Simulat ion (6.0- and 10.5-kw,) 
Steady-state  ope ra t ing  responses a t  6.0- and 10.5-kwe bear ing  
c a v i t y  condi t ion  w e r e  explored during t h e s e  tes ts  and p e r t i n e n t  r o t o r  
and gimbal motions a t  the two opera t ing  po in t s  a r e  shown i n  F igure  H-5. 
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C AND D 
25. 1 PSIA AMi!IENT 
OPERAT I N G  P O I N T  
NOTES: (1) V E R T I C A L  O P E R A T I O N  WITH 
A AND B C AND D 
4 2 3  PSIA AMBIENT 
OPERATING P O I N T  
=TED T U R B I N E  WHEEL UP.  
(2  ) A L L  E E A R I N G S  SELF -ACTING 
( 3 )  6-mC O P E R A T I O N  - 
3 . 8 - P O U N D  LOAD ON COMPRESSOR THRUST FACE 
25 .1  PSIA AMBIENT PRESSURE 
14)  1 0 . 5 - ~ ~ ~  OPERATION - 
1 5 . 2 - P O U N D  LOAD ON C O M P R E S S 0 3  THRUST F A C E  
45.5 P S I A  AM:iIENT P R E S S U E E  
( 5 )  V E R T I C A L  SCALE - 0.001 I N C H  P E R  CM. 
HORIZONTAL SCALE - 2 MSEC P E R  CM. 
BRU DYNAMIC SIMULATOR 
OPERATION AT 36,000 RF’M 
FIGURE H-5 
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O m  r s peed S imul a t i o  n 
A record of the ro tor  motions d u r i n g  the overspeed t e s t  i s  pre- 
sented i n  Figures H-6, H-7, and H-8 for 36 ,000  rpm, 40 ,000  rpm, and 
~ 43,200 rpm, respectively.  A careful  examination of these photographs 
revealed 
(1) 
( 3  1 
the following information: 
The rotor  i s  i n  a "cyl indrical"  synchronous whirl  with shaf t  
excursions s l i g h t l y  greater  a t  the simulated turbine end 
than a t  the compressor end, Although the sha f t  amplitudes 
increased s l i g h t l y  with speed, t h i s  re la t ionship  was quali- 
t a t i v e l y  maintained, 
The motion of the leading edge of the flex-mounted pivoted 
pad a t  the turbine end i s  e s sen t i a l ly  the p i tch  mode a t  
36 ,000  rpm, and t h i s  motion appears t o  be i n  phase with the  
sha f t  motion. This phase relat ionship was maintained a t  
higher speed, but a small r o l l  motion became noticeable. 
Gimbal motions w e r e  very small during the  overspeed tes t  
from 36,000 t o  43 ,200  rpm. 
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A AND 5 C AND D 
ROTOR MOTIONS AT 
36,000 RPM 
FLEX-MOUNTED PAD LEADING-EDGE 
MOTIONS WITH RESPECT TO SHAFT 
AT 36,000 RPM 
GIMBAL MOTIONS AT 
36,000 RPM 
NOTES: (1' ALL FEARINGS SELF-ACTING 
(2 j  CAVITY PRESSURE - 25.1 PSIA 
( 4 )  8#?#%'kA?C&!%E: ' 2  MS@ch! E M .  
BRU DYNAMIC S I M U U T O R  
O?ERATION A T  36,000 RPM 
( 3 )  THRUST MAD - 15.2 POUNDS ON COMP. TURUST FACE 
0 001 E CM. 
FIGURE H-6 
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A XN!j C AND D 
ROYOF. MOTIONS AT 
49,000 IcPM 
FLEX-MOUNTED PAD LEADING-EDGE 
MOTIONS W I T H  R E S P E C T  TO SHAFT 
A T  40,000 RPM 
G IMBA L MOT IONS 
A T  40,000 RPM 
NOTES: 1 A L L  :.EARINGS S E W - A C T I N G  
2 CA'JITY P R E S S U R E  - 25.1 PSIA 
3 J E R T I C A L  SCALE = 0.001 I N C H  PEE( CM. 
HOti IZONTAL SCALE 2 MSEC PER CM. 
BRU DYNAMIC SIMULATOR 
OPERATION AT 40,000 RPM 
FIGURE H-7 
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ROTOR MOTIONS AT 
43,200 RPM 
FLEX-MOUNTED PAD ULADING-EDGE 
MOTIONS WITH RESPECT TO SHAFT 
AT 43,200 RPM 
GIMBAL MOT IONS 
AT 43,200 RPM 
ALL bEARINGS SELF-ACTING 
VERTICAL SCALE - 0.001 INCH PER CM. 
HORIZONTAL SCALE - 2 MSEC PER CM. 
A M ~ I E N T  PRESSURE - 25.1 PSIA 
BRU DYNAMIC SIMULATOR 




UNBALANCED ALTERATOR MAGNETIC FORCES 
This  appendix describes t h e  procedure employed t o  p r e d i c t  t h e  
na tu re  and magnitude o f  unbalanced a l t e r n a t o r  r o t o r  e l ec t romagne t i c  
fo rces .  The v e c t o r s  r e s u l t i n g  from t h i s  procedure were used as 
i n p u t  f o r c i n g  func t ions  i n  FIRL's non- l inear  o r b i t  program. The 
in f luence  of t h e s e  f o r c e s  upon r o t o r  dynamic s t a b i l i t y  w a s  found t o  
be n e g l i g i b l e .  
(a) Unbalanced, m a g n e t i c a l l y  induced forces are developed a t  t h e  
main and a u x i l i a r y  f l u x  gaps of  t h e  a l t e r n a t o r  assembly due 
t o  t h e  l o c a l  misalignment o f  t h e  r o t o r  magnetic c e n t e r  w i th  
r e s p e c t  t o  t h a t  of t h e  s t a t o r .  I n  g e n e r a l ,  t h e  d i s t a n c e  
s e p a r a t i n g  t h e  t w o  magnetic c e n t e r s  may be cons idered  t o  
comprise t w o  v e c t o r  components. Re fe r r ing  t o  F igu re  1-1, t h e  
v e c t o r  Tu l o c a t e s  t h e  time-averaged p o s i t i o n  of t h e  r o t o r  
magnetic c e n t e r  w i th  r e s p e c t  t o  t h a t  of t h e  s t a t o r ;  t h e  
v e c t o r  FA l o c a t e s  t h e  in s t an taneous  p o s i t i o n  of  t h e  r o t o r  
magnetic c e n t e r  wi th  r e s p e c t  t o  i t s  time-averaged p o s i t i o n .  
Assoc ia ted  w i t h  each displacement  i s  a corresponding f o r c e  
a p p l i e d  t o  t h e  r o t o r  by v i r t u e  of  t h e  magnetic f i e l d .  Each 
f o r c e  component behaves e s s e n t i a l l y  l i n e a r l y  wi th  r e s p e c t  t o  
i t s  a s s o c i a t e d  displacement  v e c t o r  f o r  displacements  of a t  
l eas t  0 . 0 0 0 2  i n .  I n  each i n s t a n c e ,  t h e  f o r c e  a c t s  i n  t h e  
sense  t o  i n c r e a s e ,  r a t h e r  than t o  oppose, displacement  of 










STATOR MAGNETIC CENTER 
A 
= 
= - K p I r u I  at the pole gap, 
= e KAGI ru] 
Magnetic A force component associated with displacement 
vector, ru. FU 
lFU I 
at each auxiliary gap. 
4 
= Angle by which the fozce vectGr F leads the 
U displacement vector, ru. 
displacement vector, rA. 
at the pole gap. 
TU 
FA = Alternating force component 4 associated with rotating 
 IF^/ = -Kp ‘A 
a 
- at each auxiliary gap, K~~ ‘A 
_ -  
a 
= Angle by which the force vector FA lags the displacement 
vector, r -L Ta A’ 
ELECTROMAGNETIC FORCE VECTOR DEFINITION 
FIGURE 1-1 
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The maximum possible displacement of the rotor magnetic and 
geometric centers at each gap is conservatively estimated to 
be less  than 0 .0002  in. Such misalignment would be attri- 
buted to nonhomogeneity of the rotor material magnetic prop- 
erties. Misalignment of the rotor geometric center with 
respect to the stator magnetic center will occur due to the 
mechanical limitations by which the rotor can be radially 
positioned. Rotor misalignment with respect to the stator 
will be at a maximum during the transient period before 
thermal equilibrium is attained (steady-state operating con- 
dition). The maximum value of such a misalignment is esti- 
mated to be less than 0.002 in. 
The manner in which the unbalanced magnetic forces are 
applied to the rotor may be illustrated by considering the 
case for which the rotor instantaneous magnetic center de- 
scribes a constant radius orbit with respect to its time- 
average position and further, that the time-average position 
of the magnetic center remains fixed in space. In this case, 
the magnitudes of the force components, FU and FA,  are con- 
stant. 
The magnitudes of the two force components are derived in 
section (b) following this discussion. Only their effect on 
rotor motion is considered at present. 
Figure 1-2 illustrates the application of these unbalanced 
magnetic forces to the rotor. In this example, a reference 
X-Y axis is chosen with its origin located at the stator mag- 
netic center and +Y axis intersecting the time average posi- 
tion of the rotor magnetic center. The time dependent force 
components with respect to the two coordinate axes are also 















The i n f l u e n c e  of t h e s e  a l t e r n a t o r  unbalanced magnet ic  f o r c e s  
upon r o t o r  dynamic s t a b i l i t y  w a s  s t u d i e d  by t h e  F r a n k l i n  
I n s t i t u t e  Research L a b o r a t o r i e s  u s i n g  t h e i r  n o n l i n e a r  o r b i t  
( t i m e - t r a n s i e n t )  computer program. A s  s p e c i f i c a t i o n  i n p u t s  
t o  t h e  computer program, t h e  c o n t r a c t o r  d e f i n e d  t h e  p o s i t i o n  
of t h e  s t a t o r  magnet ic  c e n t e r  and t h e  t ime-average p o s i t i o n  
of t h e  r o t o r  magnet ic  c e n t e r .  The t ime-average p o s i t i o n  of  
t h e  ro to r  magne t i c  c e n t e r  w a s  t h u s  chosen t o  be c o i n c i d e n t  
w i th  t h e  s p i n  a x i s  of t h e  r o t o r ,  a t  3 6 , 0 0 0  rpm. The r o t o r  
mass and magne t i c  c e n t e r s  were assumed t o  be  d i s p l a c e d  by 
180 deg w i t h  r e s p e c t  t o  t h e  r o t o r  geometric center  a t  each  
gap.  T o t a l  d i sp l acemen t  of t h e  magnet ic  and mass c e n t e r s  
was assumed t o  be  0 . 0 0 0 3  i n .  by v i r t u e  of an assumed 0 . 0 0 0 1  
i n .  mass unbalance  a s s o c i a t e d  w i t h  an  assumed 0 . 0 0 0 2  i n .  
magnet ic  c e n t e r  unbalance.  The s t a t o r  magne t i c  c e n t e r  w a s  
d i s p l a c e d  by 0 . 0 0 2  i n .  from t h e  t ime-averaged magne t i c  c e n t e r  
p o s i t i o n  of t h e  r o t o r ,  and o r i e n t e d  i n  a manner t o  unload  t h e  
two f i x e d  pads of each  b e a r i n g .  F i g u r e  1-3 i l l u s t r a t e s  t h e  
r e l a t i v e  loca t ions  of t h e  magnet ic  c e n t e r s  of  t h e  ro to r  and 
s t a t o r  f o r  t h e  dynamic s t a b i l i t y  a n a l y s e s .  
The a n g l e  b$ which t h e  f o r c e  FA l a g s  t h e  d i sp lacemen t  l i e s  
somewhere between zero and 90  deg.  The out-of-phase compo- 
n e n t ,  FA s i n  -rA, a c t s  t o  oppose r o t o r  w h i r l ,  and t h u s  has  a 
s t a b i l i z i n g  i n f l u e n c e .  T h e r e f o r e ,  t h e  v a l u e  of T s e l e c t e d  
f o r  t h e  s t a b i l i t y  s t u d i e s  was T~ = 0 t o  e s t a b l i s h  t h e  
i n f l u e n c e  of t h i s  f o r c e  f o r  t h e  l i m i t i n g  case of no s t a b i l i z -  
i n g  f o r c e  component. The a n g l e  T~ w a s  chosen f o r  t h e  s t u d i e s  
t o  be  T~ = +15 deg ,  based upon t h e  r e s u l t s  of  t h e  n e x t  
s e c t i o n .  
A 
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ROTOR MASS AND MAGNETIC CENTER 




I --- - GEOMETRIC CENTER I 
ORIENTATION OF STATOR MAGNETIC 
CENTER A T  EACH AUXILIARY GAP 
OPERATING P O S I T I O N  
O F  ROTOR JOURNAL I N  
ABSENCE OF MAGNETIC 
AND MASS UNBALANCES 
( i .e.  "perfect rotor 
condi t ion)  
I 
APPLICATION OF MAGNETIC FORCES 
TO ROTOR DYNAMIC ANALYSIS 
FIGURE 1-3 
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!b) Magnitude of Tjnbalanced E lec t romagne t i c  Forces  
S t u d i e s  of t h e  unbalanced e l e c t r o m a g n e t i c  f o r c e s  were made 
f o r  t h e  f o l l o w i n g  c o n d i t i o n s :  
(1) N o r m a l  a l t e r n a t o r  o p e r a t i o n  a t  f u l l  speed  
( 2 )  Unbalanced e l ec t r i ca l  l o a d s  
( 3 )  S h o r t - c i r c u i t  c o n d i t i o n s  
With t h e  a u x i l i a r y  and main gaps  i n  t h e  a l t e r n a t o r  d e f i n e d  
a s  0 . 0 2 0  i n . ,  t h e  maximum unbalance  force w i l l  e x i s t  when 
t h e  r e l a t i v e  d i sp lacemen t  between r o t o r  and s ta tor  i s  i n  t h e  
same d i r e c t i o n  f o r  a l l  t h r e e  g a p s ,  a t  any i n s t a n t  i n  t i m e .  
The t ab l e  below p r e s e n t s  t h e  e l e c t r o m a g n e t i c  f o r c e s ,  w i t h  
t h e  assumption t h a t  t h e r e  i s  a r a d i a l  d i sp l acemen t  of  0 . 0 0 2  
i n .  i n  each  gap (10 p e r c e n t  of t h e  gap)  f o r  v a r i o u s  o p e r a t i n g  
c o n d i t i o n s .  A survey  of t h e s e  c o n d i t i o n s  i n d i c a t e s  t h a t  t h e  
no-load,  1.3-puV c o n d i t i o n  can  be chosen as a " w o r s t  case" 
f o r  e v a l u a t i o n  pu rposes ,  s i n c e  t h e  21.3 kva o v e r l o a d ,  1 . 0 -  
puV c o n d i t i o n  n e g l e c t s  s a t u r a t i o n ,  which t e n d s  t o  d i m i n i s h  
t h e  load  unbalanced magnet ic  force. 
S t a t i o n a r y  Unbalance Force Comparison 
_.---- 
S t a t i o n a r y  Rotor  
Load Cond i t ion  
No-load, 1 . 3  puV 
No-load, 1 . 0  puV 
1 2 . 6  kva ,  full l o a d ,  1 . 0  puV 
2 1 . 3  kva,  o v e r l o a d ,  ?L.C pcV 
Unbalance F o r c e ,  lb 




2 . 8 8  19.8 
356 
With  t h e  r o t a t i o n a l  e f f e c t  of  t h e  a l t e r n a t o r  r o t o r  on the 
f l u x  d i s t r i b u t i o n  t a k e n  i n t o  accoun t ,  t h e  magne t i c  f o r c e  a t  
e i t h e r  of  t h e  a u x i l i a r y  gaps o r  t h e  p o l e  gap ,  f o r  s m a l l  d i s -  
p lacements  of t h e  magnet ic  o r  s h a f t  c e n t e r s ,  can  be d e f i n e d  
by t h e  f o l l o w i n g  e q u a t i o n s :  
1 where  : 
w = - -  2'N - 3768 r a d / s e c  
6 0  
t = magne t i c  c i r c u i t  t i m e  c o n s t a n t ,  sec 
r = r a d i a l  d i sp l acemen t  of r o t o r  magnet ic  c e n t e r  w i t h  r e s p e c t  
U 
t o  s ta tor  magnet ic  c e n t e r  (magnet ic  e c c e n t r i c i t y )  
FAG, Ff' = t h e  s t a t i o n a r y  r o t o r  unbalance  f o r c e  w i t h  a 0 . 0 0 2  i n .  
magnet ic  e c c e n t r i c i t y ,  lb 
S i n c e  t h e  t i m e  c o n s t a n t  of  t h e  back i r o n  f l u x  change i s  
b e l i e v e d  t o  be t y p i c a l l y  i n  t h e  r ange  o f  1 t o  1 0  m i l l i s e c o n d s ,  
t h e  c a l c u l a t e d  f o r c e s  f o r  a s t a t i o n a r y  r o t o r  are t h u s  mod i f i ed  
by r o t a t i o n ,  and Table  1-1 d e f i n e s  t h e  r e s u l t s  of v a r y i n g  t h e  
t i m e  c o n s t a n t  f o r  t h e  chosen  "worst case" c o n d i t i o n  of a 
magnet ic  e c c e n t r i c i t y  of 0 . 0 0 2  i n .  
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TABLE 1-1 
EFFECT OF TIME CONSTANT ON UNBALANCE FORCES 
M a g n e t i c  C i r c u i t  
T i m e  C o n s t a n t ,  t 
Rotor F o r c e s  I n c l u d i n g  
R o t a t i o n a l  E f f e c t s .  l b  
Seconds - F~~ 
0.010 0.0258 0.3457 0.2304 
0.005 0.0507 0.6754 0.4501 
0 .002  0.1170 1.5704 1 . 0 4 6 6  
0 .001  0.2100 2.8100 1.8726 
FAG and Fp r e p r e s e n t  t h e  t o t a l  u n b a l a n c e d  e l e c t r o m a g n e t i c  
force a c t i n g  on  t h e  r o t o r  a t  e a c h  a u x i l i a r y  g a p  and  t h e  p o l e  
g a p ,  r e s p e c t i v e l y .  These  f o r c e s  are s h a r e d  b y  t h e  b e a r i n g s  
and are e f f e c t i v e  i n  b o t h  t h e  u n i d i r e c t i o n a l  d i s p l a c e m e n t  
case and i n  t h e  r o t a t i n g  case where t h e  ro to r  a p p e a r s  t o  
h a v e  a l o b i n g  a c t i o n  w i t h  r e s p e c t  t o  t h e  s t a to r .  
With reference t o  F i g u r e  ~ 4 ,  t h e  c o n d i t i o n s  c r e a t i n g  t h e  
overa l l  "worst-case" e l e c t r o m a g n e t i c  f o r c e s  may be estab- 
l i s h e d  f o r  machine o p e r a t i o n  a t  f u l l  s p e e d  (36 ,000  rpm) .  
Both  f i x e d  and  synchronous  d i s p l a c e m e n t s  of t h e  r o t o r  w i t h  
r e s p e c t  t o  t h e  s t a t o r  must  b e  c o n s i d e r e d ,  as f o l l o w s :  
A )  F i x e d  d i s p l a c e m e n t  o f  t h e  ro to r  Z a x i s  i n  t h e  Y ax i s  
d i r e c t i o n  c a n  be p r e s e n t e d  by t w o  c o n d i t i o n s ,  i f  i t  i s  
assumed t h a t  a ' ' p e r f e c t "  ro to r  i s  a v a i l a b l e - - i . e . ,  i t s  
mass c e n t e r  and m a g n e t i c  c e n t e r  c o i n c i d e  w i t h  i t s  
g e o m e t r i c  c e n t e r .  
1) A p h y s i c a l  d i s p l a c e m e n t  of t h e  "perfect" r o t o r  
a x i s  t o  create a m a g n e t i c  e c c e n t r i c i t y  r between 
t h e  r o t o r  m a g n e t i c  center ,  A ,  and t h e  s t a t o r  
m a g n e t i c  c e n t e r ,  0, as shown i n  F i g u r e  1-4(b) 
U 
3 5 8 ,  
1 .  r 
I I 
STATOR MAGNETIC CENTER 
0 ROTOR MA.GNETIC CENTER 
LOCATION O F  ELECTROMAGNETIC CENTERS 
AND DIRECTION O F  FORCES 
FIGURE 1-4 
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2 )  A c o n s t r u c t i o n  of t h e  s t a t o r  assembly such t h a t  
i t s  magnet ic  c e n t e r ,  0,  i s  e c c e n t r i c ,  r from t h e  
magnetic c e n t e r ,  A ,  of a p e r f e c t  r o t o r ,  a s  shown 
i n  F igu re  1-4 (c) . 
U t  
B )  Synchronous displacement  of t h e  r o t o r  i n  an o r b i t  about  
i t s  Z a x i s  can a l s o  be r ep resen ted  by two c o n d i t i o n s  i n  
t h e  r o t o r .  
1) A r o t o r  having both mass and geometr ic  c e n t e r s  
c o i n c i d e n t  b u t  a d i s p l a c e d  magnetic c e n t e r .  
2 )  A r o t o r  having co inc iden t  magnetic and geometr ic  
c e n t e r s  b u t  w i th  a d i s p l a c e d  m a s s  c e n t e r .  
A review of t h e s e  f o u r  cond i t ions  shows t h a t  A - 1  i s  of 
p a r t i c u l a r  importance i n  t h e  machine where t r a n s l a t i o n  of t h e  
r o t o r  i s  t o  be expected due t o  t h e  b e a r i n g  mounting system. 
Condit ion A-2 w a s  d i scounted  as having an e f f e c t  due t o  t h e  
g e n e r a l  accuracy of c o n s t r u c t i o n  of t h e  s t a t o r .  Both condi-.  
t i o n s  B-1  and B-2 w e r e  examined. Thus, f o r  t h e  "worst-case" 
c o n d i t i o n ,  t h e  fo l lowing  d isp lacements  o r  eccentr ic i t ies  w e r e  
p resented :  
Condi t ion 
A- 1 
B - 1  
B-2 
E c c e n t r i c i t y  , r,, 
0 . 0 0 2  i n .  
0 . 0 0 0 2  i n .  
0 . 0 0 0 1  i n .  
S i n c e  0 .005  sec i s  cons idered  t o  more n e a r l y  r e p r e s e n t  t h e  
t i m e  c o n s t a n t  f o r  f l u x  change i n  s o l i d  i r o n ,  t h e  a u x i l i a r y  
and po le  gap f o r c e s  w e r e  ob ta ined  f o r  v a r i o u s  r a d i a l  d i s p l a c e -  
m e n t s ,  r a s  shown i n  F igure  1-5, U t i l i z a t i o n  of t h i s  d a t a ,  u t  
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NOTES : 
1. OPERATING CONDITION - NO LOAD 1.3 PUV 
2. FLUX TIME CONSTANT - 0.005 sec 
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FORCES AT SYNCHRONOUS ROTOR SPEED 
(4 Pole Rice Rotor) 
FIGURE 1-5 
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together with the application of a factor of 2 for a 
possible step change in flux (an extremely transient con- 
dition) defined the following for each journal bearing: 
(11 A unidirectional load of 3.602 lb must be supported 
(Condition A-1). 
( 2 )  A rotational load due to a total eccentricity of 0.0003 
in. at a constant value of 0 .27  lb must also be 
supported (Condition B-1 and B-2). 
An angular displacement between the direction of displace- 
ment and direction of application of these forces is a func- 
tion of the location of the eddy currents being generated in 
the alternator components. The force shifts ahead of the 
member containing the eddy currents--i.e., in the direction 
of the relative motion, or that of the moving member. The 
following thus describes the angular displacements: 
Location of 
Condition Eddy Currents Force Action 
Fixed displacement Rotor Leads the rotor 
Synchronous displacement Stator Lags the rotor 
The angular displacement depends upon the impedance of the 
conductor where in the extreme, the super conductor tends 
towards 0 deg and, as damping is added, it approaches 90 deg. 
For the purposes of the bearing study, experience indicates 
that an estimated value of 15 deg would be representative and 
was thus applied to the force for the fixed-displacement case. 
However, 0 deg was applied to the synchronous displacement 
case since any force lagging the rotor would tend to improve 
the bearing stability and thus reduce the "worst-case" 
condition. 
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(c) Evaluation of the Effect of Unbalanced Alternator Load 
The studies or! unbalanced magnetic forces were based on the 
assumed worst-case condition of no-load, 1.3 puV. A survey 
of the effect of unbalanced electrical loads on the machine 
was conducted in accordance with MIL-G-6099, Paragraph 
4. S .  10.1. 
The symmetry of the machine was first evaluated. The loca- 
tion and distribut.ion of the stator windings in the four-pole 
alternator is designed such that when energized they create 
a symmetrical magnetomotive force (MMF). With Figure 1-6 
considered as typical of the machine under consideration, it 
may be noted that even if an unbalanced load is applied to 
the three-phase winding, symmetry is still maintained with 
respect to the rotor, and this is true for any position of 
that rotor. Each phase thus creates symmetrical IQIF's 
around the rotor, but variations in load in the phases will 
vary the total MMF in the relative windings. Thus, it may 
be deduced that there will be no variation in the magnetic 
unbalance and the item remaining is to determine the magni- 
tude of the MMF's in the windings at unbalanced load condi- 
tions. 
MMF magnitudes were determined by the vectorial method for 
symmetrical components and then compared to known balanced- 
load conditions. Two cases were calculated: 
Case I Phase loading - 1/3, 1 / 3 ,  ( 1 / 3  + 2/31 puV. 
2 I = 1/3 (Ia + aIb + a I ) = 0.555 
C "1 
363 
SYMMETRICAL RELATIONSHIP OF WINDING 
TO ROTOR, 4-POLE R I C E  ALTERNATOR 
FIGURE 1-6 
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where a = -0.50 + ( j )  0 . 8 6 6  
Case I1 Phase loading - 2/3, 2 /3,  ( 2 / 3  + 1 /31  p u ~  
Ia = 1/3 
0 
(Ia + = 0 . 7 7 7  
= 1/3 ( I ~  + a 2 rb + a1 ) = 0.111 
C 2 'a 
From the above, it is noted that the amplitudes of the 
symmetrical components are each less than unity and, since 
the amplitude of the resultant MMF of a symmetrical three- 
phase system is 1.5 times the amplitude of a single-phase 
system, the in-phase sum of the vectors of the unbalanced 
system do not exceed unity and, thus, do not exceed the MMF 
at rated balanced load. 
Since the rated balanced load condition was previously 
established to not be the "worst-case" condition for electro- 
magnetic unbalance, it can be confidently recommended that 
unbalanced electrical loads will have much less ef:&:ct upon 
the gas bearing system than the no-load, 1 . 3 - - + V  eo-.d:.tion 
previously presented. 
(d) Evaluation of Electrical Short Circuit . .  
I Under conditions specified by MIL-G-6099, Paragraph 4.5.12, 
at 3 puV short-circuit current, ti:, lux in the main air gap 
is proportional to the voltage dror ''sh.c Za) in the 
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ar rns ture  winding  and approaches  50 p e r c e n t  of r a t e d  v o l t a g e .  
A u x i l i a r y  a i r - g a p  f l u x  unde r  t h e  same c o n d i t i o n s  i s  i n c r e a s e d  
because  t h e  f i e l d  winding  ampere- turns  a r e  a l m o s t  a t  t h e  
maxirnum v a l u e ,  and l e a k a g e  f l u x  i s  a l s o  a c o n s i d e r a b l e  por -  
t i o n  of t h i s  a i r - g a p  t o t a l  f l u x  a t  short c i r c u i t .  I n  t h e  
a n a l y s i s  of t h e  a l t e r n a t o r ,  1 6 2 4  f i e l d  ampere t u r n s  a r e  
p r e s e n t  a t  s h o r t  c i r c u i t .  A t  o v e r l o a d  c o n d i t i o n s ,  1 7 5 5  amp 
t u r n s  a r e  p r e s e n t  a t  2 1 . 3  kva ,  1 . 0  puV. 
Thus,  i t  may b e  conc luded  t h a t  t h e  s h o r t - c i r c u i t  c o n d i t i o n  
does  n o t  r e p r e s e n t  an  e l e c t r o m a g n e t i c  f o r c e  problem f o r  t h e  
b e a r i n g s  and w i l l  b e  c o n s i d e r a b l y  less  s e v e r e  t h a n  t h e  no- 
l o a d  1.3-puV case chosen .  
APPENDIX J 
METALLURGICAL STUDIES OF COMPOSITE 
CAST ALTERNATOR ROTOR 
INTRODU CT I O N  
Th i s  appendix documents t h e  m e t a l l u r g i c a l  examinat ion  of a s p e c i a l  
4-pole mod i f i ed  Lundel l - type  a l t e r n a t o r  ro to r  developed  under  NASA Con- 
t r a c t  NAS3-9427. T h i s  r o t o r  w a s  composi te  cast  by B a t t e l l e  Memorial 
I n s t i t u t e  ( B M I )  under s u b c o n t r a c t  019-50001-9  t o  AiResearch Manufac- 
' t u r i n g  Company of Ar izona .  
The SAE 4340 magnet ic  p o l e  p i e c e s  w e r e  f a b r i c a t e d  by AiResearch 
an? f u r n i s h e d  t o  B M I .  EM1 developed t h e  t e c h n i q u e s  f o r  cas t  bonding 
a nonmagnetic I n c o n e l  718 f i l l e r  material  t o  t h e  magne t i c  p o l e  p i e c e s .  
Rotor  N o .  3 i s  t h e  f i r s t  s u c c e s s f u l l y  ca s t  r o t o r .  I t  w a s  m a g n e t i c a l l y  
t e s t e d  and spun t o  8 0 , 0 0 0  rpm i n  t h e  c o n t r a c t o r ' s  w h i r l  p i t .  Sp in  
t e s t i n g  w a s  t e r m i n a t e d  when a d i a m e t r a l  growth of 500 p i n .  was 
r eco rded .  The b r a z e d  c o u n t e r p a r t  of t h i s  ro to r  expe r i enced  a d i a m e t r a l  
growth of 500 u i n .  a t  9 0 , 0 0 0  rpm, and w a s  s u b s e q u e n t l y  b u r s t  a t  
95,000 rpm. T h i s  examinat ion  w a s  conducted  t o  d e t e r m i n e  t h e  cause  of 
s u s p e c t e d  poor mater ia l  p r o p e r t i e s .  
Meta l lura ica l  Examinat ion 
Rotor  N o .  3 was t r a v e r s e l y  s e c t i o n e d  a t  i t s  mid- length ,  as shown 
i i n  F i g u r e  8 ,  S e c t i o n  E-E and F i g u r e  1. The remain ing  h a l f  was s p l i t  
l o n g i t u d i n a l l y  and macroetched ( F i g u r e  2 )  . Specimens f o r  t e n s i l e  t e s t s  
' and m e t a l l o g r a p h i c  examinat ion  were t a k e n  t r a n s v e r s e l y  through t h e  ca s t  
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MACROETCHED LONGITUDINAL SECTION 
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The t y p i c a l  m i c r o s t r u c t u r e ,  a t  t h e  cast-bond I n c o n e l  718 - SAE 
4340 i n t e r f a c e ,  is  shown i n  F i g u r e  3. Although t h e  cas t -bond j o i n t  h-ad 
a s l i g h t  amount of s h r i n k a g e  p o r o s i t y ,  o v e r a l l  t h e  j o i n t  w a s  micro- 
s t r u c t u r a l l y  e x c e l l e n t .  A t e n s i l e  specimen f a i l e d  a t  9 6  k s i  w i t h  t h e  
f a i l u r e  o c c u r r i n g  i n  t h e  I n c o n e l  718  a t  t h e  d i f f u s i o n  zone. Carb ides  
w e r e  no ted  i n  t h e  I n c o n e l  718 g r a i n  boundar i e s  i n  t h e  d i f f u s i o n  zone, 
l and t h e  f a i l u r e  w a s  i n t e r g r a n u l a r  ( F i g u r e s  4 and 5 ) .  
I The composi te  r o t o r  j o i n t s  were examined f o r  p o r o s i t y  and/or  
v o i d s .  The cas t -bond I n c o n e l  718 - SAE 4340 j o i n t  i n d i c a t e d  s l i g h t  
s h r i n k a g e  p o r o s i t y .  The main ca s t  I n c o n e l  718 s e c t i o n  i n d i c a t e d  
I g r e a t e r  s h r i n k a g e  p o r o s i t y  which w i l l  r e q u i r e  a change i n  t h e  cast-  
bonding t e c h n i q u e .  N o  f r a c t u r e s  were no ted  i n  any p a r t  o f  t h e  com- 
p o s i t e  r o t o r  d u r i n g  a l l  s t a g e s  of f a b r i c a t i o n .  
I T e n s i l e  t e s t  r e s u l t s  are p r e s e n t e d  i n  Tab le  I. Photomicrographs 
of  I n c o n e l  718 low t e n s i l e  p r o p e r t i e s  showed s h r i n k a g e  v o i d s  p r e s e n t  
i n  t h e  area where t h e  t e s t  specimens were removed. The v o i d s  were 
n o t  e x t e n s i v e ,  b u t  g e n e r a l l y  conf ined  t o  t h e  i n t e r i o r  o f  t h e  r o t o r  
( f i g u r e s  6 and 7 ) .  Shr inkage  v o i d s  were a l so  r e p o r t e d  by B a t t e l l e  i n  
t h e  f i r s t  two rotors  cast-bonded and s e c t i o n e d .  Cons ide r ing  t h e  g e n e r a l  
soundness  o f  t h e  I n c o n e l  718 s e c t i o n  away from t h e  c e n t e r ,  where r o t a -  
t i o n a l  stresses are  h i g h e s t ,  t h e  overal l  performance of  t h e  r o t o r  may 
be  b e t t e r  t h a n  i n d i c a t e d  by t h e  t e n s i l e  specimens.  I n c o n e l  718 t e s t  
b a r s ,  cast  a t  A i R e s e a r c h  and h e a t - t r e a t e d  w i t h  t h e  composi te  ro to r ,  
had h i g h e r  and more c o n s i s t e n t  t e n s i l e  p r o p e r t i e s ,  i n d i c a t i n g  t h a t  t h e  
p r e s e n t  h e a t - t r e a t  w a s  s a t i s f a c t o r y .  Tab le  I p r e s e n t s  SAE 4340 t e n -  
s i l e  t e s t  r e s u l t s .  T e n s i l e  p r o p e r t i e s  w e r e  c o n s i d e r e d  q u i t e  s a t i s f ac -  
t o r y  and ag reed  c l o s e l y  w i t h  t h e  SAE 4340 t e s t  p i e c e s  h e a t - t r e a t e d  w i t h  
I 
I t h e  r o t o r .  
I T a b l e  I r e p r e s e n t s  t h e  p r e s e n t  composi te  ca s t  r o t o r  h e a t -  
' t r e a t m e n t .  
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4340 
F I G U m  3 
718 
150 X MAGNIFICATION 
T Y P I C A L  MICROSTRUCTURE AT CAST-BOND INCONEL 718 
SAE 4340 INTERFACE 
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a 
F I G U R E  4 
1 5 0  X M A G N I F I C A T I O N  
C L O S E U P  O F  F A I L U R E  I N  J O I N T  S H O W I N G  
F A I L U R E  I N  D I F F U S I O N  ZONE O F  I N C O N E L  718 
F I G U R E  5 
1 5 0  X M A G N I F I C A T I O N  
I N C O N E L  718 S E C T I O N  O F  T E N S I L E  S P E C I M E N  
S H O W I N G  G R A I N  BOUNDARY C A R B I D E S  AND 
I N T E R G R A N U L A R  F A I L U R E  I N  D I F F U S I O N  ZONE 
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F I G U R E  6 
1 X M A G N I F I C A T I O N  
PHOTOMACROGRAPHS O F  ROTOR S E C T I O N  
A F T E R  DYE PENETRANT I N S P E C T I O N .  
DARK S P O T S  I N D I C A T E  LOCATION O F  
SHRINKAGE V O I D S  ONLY, NOT S I Z E  
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F I G U R E  7 
1 2  X MAGNIFICATION 
T E N S I L E  S P E C I M E N S  O F  CAST INCONEL 718 
SHOWING SHRINKAGE V O I D S  THAT CAUSED LOW 





I . D .  
TABLE I 
TENSILE PROPERTIES OF BRU ROTOR AND COMPARISON TO RELATED TESTS 
MATERIAL 
I n c o n e l  718 
I n c o n e l  718 
I n c o  718/4340 
4340 
4 340 
I n c o n e l  718 
I n c o n e l  718 
LOCAT I ON 
From Rotor- 
T r a n s v e r s e  Spec imen i 
T r a n s v e r s e  Specimens 
Trans  ve r s e Spec i m e  n s 
End o f  r o t o r  s h a f t ,  
a x i a l  d i r e c t i o n  
End o f  r o t o r  s h a f t ,  
a x i a l  d i r e c t i o n  
Excess  p i e c e s  from 
s h a f t  end o f  4340 
r o t o r  f o r g i n g s  
Excess p i e c e s  from 
s h a f t  end (of 4340 
r o t o r  f o r g i n g s  
: a s t  s e c t i o n s  from 
I i R e s e a r c h  Foundry 
: a s t  s e c t i o n s  from 
\ iRe s e a r c  h Foundry 
ULTIMATE, 
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% i n  1 - i n .  
1 . 5  
1 . 5  
0 . 5  
1 5 . 5  
16.0 
1 5  
1 5  
4 . 5  
7 
COMMENTS 
Shr inkage  v o i d s  
( F i g u r e  7) 
S h r i n k a g e  v o i d s  ; 
f a i l e d  o u t s i d e  
o f  gauge marks 
F a i l e d  i n  I n c o  71f 
d i f f u s i o n  zone 
( F i g .  4 )  
H e a t - t r e a t e d  w i t h  
r o t o r  (1) 
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NOTES : 
(1) Heat t r e a t m e n t  o f  c o m p o s i t e  r o t o r  
( a )  S o l u t i o n  h e a t  t r e a t m e n t  o f  I n c o  718 c a s t  s e c t i o n  
2000°F/1.5 h r ;  vacuum; f a n - c o o l e d  i n  a r g o n  
1775'F/1.5 h r ;  vacuum; f a n - c o o l e d  i n  a r g o n  t o  
( b )  Aging c y c l e  f o r  I n c o n e l  718 
1325'F/8 h r ;  f u r n a c e  c o o l  100°F/hr  t o  1150'F; 
1150°F/8 h r ;  a i r  c o o l  
P r e h e a t  1120'F ( s o a k ) ;  1400°F/1.5 h r ;  o i l  quench 
Temper 925 F / 2  h r ;  a i r  c o o l  
Temper 925'F/2 h r ;  a i r  c o o l  
700°F i n  2 h r ;  a i r  c o o l  
( c )  Heat t r e a t m e n t  f o r  4340 
( 2 )  
( 3 )  Same a s  a and b a b o v e .  
( 4 )  R e t a i n e d  a u s t e n i t e  o f  less than  0 . 5 % .  
137JoF/1.5 h r ;  o i l  quench ;  925'F/2 h r ;  a i r  c o o l ;  
925 F/2 h r ;  a i r  cool 
375 
Conc lus ion  
The c a s t i n g  t e c h n i q u e s  f o r  c a s t - b o n d i n g  I n c o n e l  718 t o  SAE 4 3 4 0  
have r e s u l t e d  i n  a s a t i s f a c t o r y  composite ca s t  ro tor .  Rotor  N o .  3 h a s  
p a s s e d  a m a g n e t i c  t e s t ,  a s p i n  t e s t  t o  8 0 , 0 0 0  rpm, a n d  h a s  e v i d e n c e d  
s a t i s f a c t o r y  p h y s i c a l  p roper t ies  per T a b l e  I .  The p r e s e n t  t e c h n i q u e  
still r e q u i r e s  improvement  i n  c a s t i n g  t o  r e d u c e  s h r i n k a g e  v o i d s  i n  
I n c o n e l  7 1 8 .  
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